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ABSTRACT 
 
Disease from endemic respiratory and enteric pathogen agents such as Mycoplasma 
hyopneumoniae (Mh) and Lawsonia intracellularis (LI) is common in swine herds worldwide and 
reduces profits at all production stages. However, the metabolic mechanisms behind these 
reductions in growth performance and tissue accretion have not been fully explained. Additionally, 
to minimize feed costs, producers place heavy emphasis on selection for production traits such as 
enhanced feed efficiency (FE), but genetic selection for higher FE has been touted to have negative 
consequences on a pig’s ability to respond to disease. Therefore, the overall objective of this thesis 
was to characterize how a Mycoplasma hyopneumoniae and Lawsonia intracellularis dual 
challenge (MhLI) alters pig performance and metabolism, using pigs divergently selected for 
residual feed intake (RFI) as a model for divergence in feed efficiency. Pigs selected for low RFI 
(LRFI, high feed efficiency) pigs are considered more FE compared to their high RFI (HRFI, low 
feed efficiency) selected counterparts.  
To address the overall thesis objective, two research chapters were conducted using grow-
finish pigs (Chapter 2 and 3). In Chapter 2, the longitudinal impact of MhLI on growth 
performance, feed efficiency, and tissue accretion of pigs divergent in RFI was assessed in a 42 
day challenge study. We initially hypothesized that MhLI dual challenge would reduce growth 
performance, protein accretion, and feed efficiency. In Chapter 3, a subset of pigs was randomly 
selected from the larger cohort used in Chapter 2 for necropsy and tissue collection at 21 days post 
inoculation (dpi). This subset of pigs was utilized to examine effects of MhLI, RFI line, and their 
interaction on markers of oxidative stress, skeletal muscle metabolism and proteolysis, and liver 
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gluconeogenesis. We hypothesized that MhLI would alter metabolism to reallocate nutrients 
toward the immune system, which would be evident by increased skeletal muscle proteolysis and 
increased liver gluconeogenesis. 
The challenge model utilized resulted in sub-clinical disease in the lungs and intestinal tract 
of infected pigs. Overall, the results of this work suggest that genetic selection for enhanced FE 
(i.e. low RFI) does not alter the ability of pigs to respond to and resolve pathogen challenges due 
to the hypothesized inability to allocate energy and nutrients to the immune response. This was 
evident as there were no MhLI x line interactions for any performance (Chapter 2) or post-
absorptive metabolism (Chapter 3) parameters assessed. However, this thesis indicates that MhLI 
dual challenge reduces average daily gain, feed intake, feed efficiency, and lean tissue accretion 
in growing pigs (Chapter 2). Additionally, MhLI dual challenge alters the post-absorptive skeletal 
muscle and liver metabolism of grow-finish pigs. The challenged pigs had increased reactive 
oxygen species (ROS) production in the Longissimus dorsi (LM) and liver, and greater hexokinase 
to citrate synthase activity ratios, but did not have increased skeletal muscle protein carbonyls or 
enhanced skeletal muscle proteolysis (Chapter 3). Additionally, gluconeogenesis was not 
upregulated in the liver due to MhLI dual challenge (Chapter 3).   
Collectively, this line of investigation demonstrated that a dual respiratory and enteric 
pathogen challenge in grow-finish pigs resulted in reduced growth performance (17%) and feed 
efficiency (7%) compared to the non-challenged control pigs, regardless of RFI line. These 
performance reductions are comparable to the previous body of literature utilizing these two 
pathogens. The MhLI dual challenge also results in increased mitochondrial ROS production and 
causes pigs to favor glycolytic energy generation. However, contrary to the initial hypothesis, 
skeletal muscle proteolysis and liver gluconeogenesis are not upregulated during MhLI challenge. 
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These data suggest that during mild disease stress such as what was observed under this MhLI dual 
challenge, the pig can meet energy demands without reliance on nutrient mobilization and 
gluconeogenesis. 
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CHAPTER 1. LITERATURE REVIEW 
Introduction 
Clinical and subclinical disease as a result of enteric and respiratory pathogen challenges 
result in adverse health events that are a concern in all stages of pork production. The extent of 
lost profits varies by production stage and pathogen(s) present, but all result in some level of 
economically significant reduction in growth performance and tissue accretion. In addition, 
attenuated health continues to be a welfare and antimicrobial usage concern with both producers 
and consumers. In order to improve treatment and prevention methods, it is critical to first 
understand the physiological changes that occur at the cellular and molecular level during specific 
pathogenic challenges.  
As such, this literature review will cover the porcine immune response in the context of 
two common pathogens in swine production, Mycoplasma hyopneumoniae (Mh) and Lawsonia 
intracellularis (LI), and their effects on pig health and performance. In addition, the balance of 
protein synthesis/degradation, and intestinal barrier function and integrity changes will be 
discussed in the context of the disease states these two pathogens evoke, pneumonia and ileitis.  
Finally, the intersection of pathogenic health events and genetic selection for feed efficiency, an 
economically important trait to the swine industry, will be discussed. 
Health Challenges in Pork Production and the Porcine Immune Response 
In grow-finish pigs several detrimental pathogens are associated with increased morbidity 
and mortality. Pathogenic microorganisms such as viruses and bacteria (including the globally 
prevalent respiratory Mycoplasma hyopneumoniae and the enteric Lawsonia intracellularis) 
invade the host and act as causative agents of disease. Disease can manifest within pigs both 
clinically and sub-clinically. In the case of clinical manifestation, pigs display outward symptoms 
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of disease, such as respiratory distress or diarrhea. In the case of subclinical infections, pigs lack 
symptoms detectable to the human eye, but must respond immunologically and may still have 
significant reductions in growth performance (Martin et al., 1987).  
Two of the most industry relevant pathogens in grow-finish pigs, from both a clinical and 
subclinical manifestation standpoint, are Mh and LI. Over half of grower/finisher sites in the 
United States report recent problems with Mh infection, and 28.7% describe recent incidences with 
LI and the resulting disease, ileitis (USDA, 2012). Worldwide, it is estimated that farm 
contamination with LI approaches 96%, and nearly 30% of wean to finish pigs have detectable 
lesions consistent with ileitis 
at some point in their 
production lives (Stege et al., 
2000; McOrist et al., 2003). In 
addition to causing decreased 
growth performance, death 
loss is also a concern. 
Respiratory problems cause 
the overwhelming majority of 
death loss in wean-finish pigs, 
accounting for over 75% of mortality (Fig. 1.1; USDA, 2012). Additionally, in a commercial 
setting, pigs are often faced with infections by multiple pathogens at the same time. Mycoplasma 
hyopneumoniae and Lawsonia intracellularis are both well known in the swine industry for 
causing disease alone, and also for events that allow co-infection with viral pathogens or other 
bacteria, decreasing growth performance even further. In order to fully characterize the impact of 
Figure 1.1. Percentage mortalities in the grower/finisher 
production phase by producer-identified cause. Adapted from 
2012 USDA Swine Health and Health Management report (2012) 
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these diseases on growth and development, one must first understand the generalized immune 
response to infection, and also the mechanism by which these specific pathogens act to colonize 
within the pig and attenuate health. 
Immune response of the pig 
In pigs, the immune response is triggered by foreign antigens getting past surface or 
epithelial barriers such as the skin, respiratory tract, or gastrointestinal tract, and into the body. 
The immune response can be compartmentalized into two broad categories, the innate and the 
adaptive immune system. Each play a different, yet crucial, role in protecting the pig from the 
potential pathogens it is exposed to daily. The two systems also interact at the interface of adaptive 
immunity activation, allowing for more effective antigen clearance. 
 
Innate immune response 
The innate immune system includes both the internal cellular response to invasion and the 
physical barriers such as lung and intestinal epithelial layers that act to prevent antigen entry; this 
discussion will focus on the response to pathogens that have already breeched the physical barriers 
and made it into the body. The innate response is non-specific as it isn’t tailored to the antigen, nor 
does it retain any antigenic memory. However, non-specificity allows the innate response to 
activate quickly once pathogens enter the pig’s system so it can contain infection until the adaptive 
system is fully activated after several days (Fig. 1.2). This response is characterized by the 
recognition of pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors 
(PRRs) on the leukocytes. The PRR families include C-type lectin receptors (CLRs), toll-like 
receptors (TLRs), retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), and NOD-like 
receptors (NLRs) with each recognizing different motifs commonly found on foreign antigens 
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(Takeuchi and Akira, 2010). 
Recognition of a PAMP by a PRR 
activates one of several possible 
signaling cascades within the cell, 
which lead to increased production 
of proteins such as pro-
inflammatory cytokines, 
chemokines, type 1 interferons 
(IFNs), and antimicrobial proteins 
(Takeuchi and Akira, 2010). Three 
of the most well recognized of these 
pro-inflammatory cytokines include 
interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, which are secreted by many porcine 
cell types, including macrophages (Johnson, 1997). Cytokines have many functions in the pig, 
including recruitment of immune cell components to the site of infection, and are also partially 
responsible for decreasing appetite via neural signals and inhibiting growth during inflammatory 
stress (Johnson, 1997).  Recruited immune cells include phagocytic cells such as neutrophils and 
macrophages, natural killer cells which destroy infected cells, and cells of the complement system, 
a pathway that involves marking targets for destruction, recruiting cells and proteins that destroy 
the target, and sometimes even facilitate the destructive process themselves (Chaplin, 2010).  
In addition to their role in removing antigen, antigen presenting cells (APCs) of the innate 
immune system also are involved with initiating the adaptive immune response. Common APCs 
include dendritic cells and macrophages, both of which play a role in phagocytosis (Huston, 1997). 
Figure 1.2. Timeline of host immune response to infection, 
from Diseases of Swine, 10th ed. (Chase and Lunney, 2012) 
PMN: polymorphonuclear neutrophils; TLR: toll-like 
receptor; TNF: tumor necrosis factor; IL: interleukin; IFN: 
interferon; and NK: natural killer. 
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After phagocytosing the pathogen, some of the APCs migrate to nearby lymph nodes, where they 
present the antigen to components of the adaptive system for activation. (Akira et al., 2006). 
 
Adaptive immune response 
The adaptive immune response involves antigen specific mechanisms primarily reliant on 
the function of two types of lymphocytes: T cells and B cells (Fearon and Locksley, 1996). To 
activate the adaptive response, antigens are presented to and processed by naïve T cells in the 
lymph nodes (Brodsky and Guagliardi, 1991). After antigen processing, naïve cells undergo clonal 
selection and differentiation into antigen specific effector cells (Brodsky and Guagliardi, 1991).  T 
cells can develop into several different subpopulations of effector cells, determined by their 
membrane expression of either CD4 or CD8 (von Boehmer et al., 1989). Cells displaying CD4 
(i.e. CD4+) are also known as “helper” T cells, as they serve both to activate B cell populations 
and secrete compounds designed to aid the cellular response of other immune cells. On the other 
hand, CD8+ cells include sub-populations with cytotoxic activity to destroy infected cells or a 
regulatory component that acts to suppress the immune response. The cellular response to LI 
infections is fairly mild, but the response primarily consists of CD8+ cytotoxic cells as well as 
suppressor T cells, indicating some immunosuppressive action of the pathogen (McOrist et al., 
1992).  
After antigen presentation, B cells also undergo clonal selection, differentiation and 
maturation, with the aid of helper T cells. After B cells mature, they begin to produce antibodies, 
compounds composed of a protein called immunoglobulin (Ig), specific to the invading antigen. 
Antibodies bind the pathogen, neutralize it, and aid in its clearance from the system, helping to 
restore the animal to full health. Two common classes of antibodies in the pig include IgG, the 
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major class of antibody in the blood, and IgA, the antibody found in secretions such as in the 
gastrointestinal tract.  
In addition to providing antigen specific defenses, B cells are also capable of maintaining 
memory cells for the antigen. After the initial infection is cleared, the majority of immune 
components that were produced and activated to clear the infection are degraded over time, as they 
are no longer needed. However, a small subpopulation of antigen-specific memory T and B cells 
are retained within the spleen and lymph nodes. Therefore, the adaptive response is mounted much 
faster in the case of re-infection with the same antigen, as instead of having to go through activation 
and clonal expansion, effector T and B cells only need to be reproduced from the pool of memory 
cells. This allows pigs to clear antigens previously encountered quickly, without taking the same 
toll on their health. 
The antibody defense mounted by a pig in response to pathogen invasion is often used as 
a tool to diagnose and track infection within the herd. Antibodies generated to eliminate the 
pathogen can be found in circulation, collected in the serum, and detected via enzyme-linked 
immunosorbent assays (ELISAs). These tests are highly specific to the antigen, however, with 
bacterial infections such as Mh and LI where the organism is localized to one area of the body 
(lung and intestine) the antibody response is much more variable that that of infections that are 
less localized (Thacker, 2004). As such, these tools are best used to determine whole herd infective 
status rather than infectivity level of a single pig. 
 
Immune response and genetic selection for enhanced feed efficiency 
Feed is by far the greatest cost associated with livestock production, regardless of species 
or production stage. To ameliorate some of these costs, the swine industry has made the effort to 
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select for pigs that are highly feed efficient; maximizing growth rates on the least amount of feed 
possible. Animals can be ranked through several feed efficiency measures. One of these measures 
is residual feed intake (RFI). Residual feed intake is defined as the difference between the feed 
intake expected of that animal (based on metabolic body weight) and its actual observed intake. 
Pigs that consume less feed than expected, thereby having a lower RFI index, are more feed 
efficient than pigs with a higher RFI index. Differences in RFI are due to many factors, including 
heat production, activity, protein turnover, metabolism, digestibility, and body composition. 
Residual feed intake is moderately heritable (Cai et al., 2008), and thus one can select for pigs with 
a higher or lower RFI index without having a negative impact on ADG (Johnson et al., 1999). This 
divergent selection serves as a model to understand what physiological changes that occur when 
pigs are selected for increased feed efficiency.  
A possible unintended consequence of selection for enhanced feed efficiency, such as in 
the RFI model, is that these physiological changes impact the ability of the pig to respond to 
stressors such as disease. This is based on the Resource Allocation Theory proposed by Beilharz 
et al. (1993), which states that animals have a finite amount of resources available to allocate to 
all life traits such as growth, maintenance, and immune response. The concern was that animals 
that have been heavily selected for a trait requiring many resources may not be able to “reallocate” 
during times of immune stress, making them more susceptible to challenges (Rauw, 2007). 
Although there is limited research with immunological challenges with the divergent lines of RFI 
pigs, no one has yet found any negative effects of selection for low RFI (LRFI) during an immune 
challenge. Most stress experiments have involved inflammatory challenges, with either a 
lipopolysaccharide (LPS) or Complete Freud’s Adjuvant (CFA) stimulus. These studies showed 
no negative effects of selection for LRFI in performance, febrile response, nutrient utilization, 
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intestinal barrier permeability, or hematological parameters such as haptoglobin levels 
(Rakhshandeh et al., 2012; Labussière et al., 2015; Merlot et al., 2016; Vigors et al., 2016). In 
unchallenged pigs, LRFI animals showed lower levels of excess circulating white blood cells and 
an enhanced capacity for oxygen transfer, suggesting that they may be more efficient at 
maintaining their immune systems and may respond more efficiently during an immune challenge 
(Mpetile et al., 2015). Inflammatory challenges work well to model the general impact of 
immunological stress, but they do not necessarily reflect what the pig would experience during an 
extended disease challenge, so it is crucial to determine if this holds up during a health event such 
as disease. The only published data available demonstrate the response of LRFI and high RFI 
(HRFI) pigs to a porcine reproductive and respiratory (PRRS) virus challenge. In this model, 
LRFI pigs seemed to grow slightly better than their HRFI counterparts, and also had a greater 
antibody response to the virus, evidence that they were able to mount a more robust immune 
response to clear the virus from their systems (Dunkelberger et al., 2015). However, this result was 
only significant when compared to “control” pigs that were housed under different conditions. 
Therefore, more should be done with pigs housed under more similar conditions to draw definitive 
conclusions about whether or not selection for LRFI does actually impact the response to disease, 
and if so, by what mechanism. 
 
Mycoplasma hyopneumoniae 
 In 1965, Mare and Switzer (1965) isolated the bacterium known as Mycoplasma 
hyopneumoniae from pneumonic pig lung, which is now characterized as the primary pathogen 
responsible for enzootic pneumonia. It also plays a significant role in the porcine respiratory 
disease complex (Thacker and Minion, 2012). As Mh infections cause highly variable degrees of 
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disease (acute, sub-clinical to chronic, clinical) based on whether or not potentiation with other 
pathogens occurs, the true economic impact of the disease has not been well characterized. The 
bacteria belong to the class Mollicutes, and are distinguishable from other bacterial classes by their 
lack of cell wall (Razin et al., 1998). Mycoplasmal bacteria are some of the smallest cells able to 
live freely in culture, therefore they contain small genomes and the minimal machinery required 
to survive outside the host (Pollack et al., 1997). The pathogen is primarily a concern due to its 
ability to cause localized suppression in the host immune system, resulting in co-infection with 
secondary pathogens (Thacker, 2001). The suppression of immunity caused by Mh allows for 
commensal bacteria such as Streptococcus suis, Haemophilus parasuis, Pasteurella multocidia, 
and/or Actinobacillus pleuropneumoniae to colonize the lungs and contribute to disease. Besides 
bacteria, Mh also allows for co-infections with viral pathogens such as PRRS virus and porcine 
circovirus type 2 (Thacker and Minion, 2012). Clinically, mycoplasmal pneumonia presents as a 
dry, unproductive cough that tends to be fairly mild. Severe symptoms such as fever, appetite 
suppression, and labored breathing are only seen in the case of secondary infections. In the case of 
uncomplicated (no co-infection with other pathogens) Mh infection under commercial conditions, 
pigs will have limited outward signs of disease, but will show some reduction in growth rates, 
resulting in increased market weight variation (Straw et al., 1990; Thacker and Minion, 2012). The 
disease is primarily spread via physical contact with infected pigs (Thacker and Minion, 2012), 
although airborne transmission between and across farms has been observed (Thomsen et al., 1992; 
Fano et al., 2005b; Otake et al., 2010).  
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Pathogenesis 
Mycoplasma hyopneumoniae infection initiates when the organisms bind epithelial cell 
cilia located in the airways (Zielinski and Ross, 1993). Once Mh colonize the respiratory tract, 
ciliostasis and loss of cilia occurs (DeBey and Ross, 1994). Additionally, Mh infections are 
characterized by a decrease in epithelial and goblet cells, and therefore mucus, in the bronchi 
(DeBey et al., 1992). Destruction of the ciliary and mucus barrier, in part, makes the lungs more 
susceptible to colonization by secondary pathogens. The bacteria also work to modulate the 
adaptive immune response of the respiratory tract by preventing the host from effectively clearing 
the pathogen, resulting in chronic infection (Thacker and Minion, 2012). The pulmonary immune 
response involves macrophage production of proinflammatory cytokines including IL-1β, IL-6, 
IL-8, and TNF-α which promote localized inflammation with the recruitment of immune system 
components such as leukocytes, T and B cells, and acute phase proteins (Asai et al., 1993; Asai et 
al., 1994; Ahn et al., 2009). This proinflammatory cytokine release, in part, may contribute to the 
decreased growth performance and food consumption of pigs chronically affected by Mh (Escobar 
et al., 2002). The Mh bacteria also suppress the development and function of B and T lymphocytes 
(Kishima and Ross, 1985) by impacting their ability to resolve the pathogen challenge and 
increasing the likelihood for co-infections. As a result, symptoms of Mh may persist throughout 
the entire growing period.  
The IgG serological response to Mh, as quantified by ELISA testing, is often utilized as a 
diagnostic tool for determining infection status. Serological responses are detectable within a few 
weeks post-exposure, and antibodies have been detected in the serum for up to a year post-exposure 
(Bereiter et al., 1990; Fano et al., 2005a). 
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Lawsonia intracellularis 
Porcine proliferative enteropathy (PPE), or ileitis, is a bacterial derived enteric condition 
that results in thickening of the intestinal epithelium. The disease was first defined in the 1930s by 
Biester and Schwarte (1931), but it was not until the 1970s that Lawsonia intracellularis, the 
responsible bacterium, was discovered within the cells of the porcine epithelium (Rowland et al., 
1973). The Lawsonia intracellularis bacteria are curved or S-shaped, gram-negative bacilli that 
are obligate intracellular microaerophiles (Lawson et al., 1993). Due to their requirements for 
growth, LI are difficult to culture in vitro, making it challenging to characterize their mechanism 
of infection. In fact, despite successful in vitro culture, the primary mechanism by which LI affects 
pigs, through increasing cellular proliferation, has not yet been replicated in the laboratory 
(Lawson et al., 1993; Vannucci et al., 2012). As such, the mechanism of pathogenesis and 
virulence associated with LI infections is not yet fully understood. 
Pigs with PPE may show symptoms of diarrhea and gauntness. However, the disease often 
presents subclinically, in which LI bacteria and intestinal lesions are present without signs of 
diarrhea or weight loss (McOrist, 2005). In subclinical cases pigs will still underperform in terms 
of growth rates compared to unaffected pigs (Paradis et al., 2012), but it is difficult to characterize, 
thus the economic estimate of $3-$11 lost per pig marketed (McOrist et al., 1997) due to LI 
infection is likely underestimated. 
 
Pathogenesis 
Pathogenesis is the origination and development of a disease. For Lawsonia intracellularis, 
it invades the proliferative cells in the small intestinal crypts, and replicates within the cytoplasm 
of these cells (McOrist and Gebhart, 2012). The bacteria can be detected within the cells within 1-
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hour post-infection (Lawson et al., 1995). Typically, LI reside in the distal 60 cm of the small 
intestine and first third of the colon (McOrist and Gebhart, 2012), but may extend to other regions 
of the intestinal tract during severe infections. Infected epithelial cells continue to proliferate, 
without fully differentiating and developing functional capabilities (Kroll et al., 2005b), however 
the mechanism by which this occurs is still unknown. Goblet cell numbers are markedly reduced 
(Macintyre et al., 2003), impacting the mucosal barrier of the intestine. Affected crypts become 
large, branched, and are often lined with 5-10 layers of undifferentiated crypt-like cells, whilst 
normal crypts remain single-layered (Johnson and Jacoby, 1978; McOrist and Gebhart, 2012). This 
results in the formation of lesioned areas of the intestine, which can be described as anything 
ranging from mild hyperemia and edema of the intestinal wall to severe edema, thick, corrugated 
mucosa, and even blood clots within the intestinal lumen (Guedes et al., 2002b). The bacteria are 
spread through division of affected cells, resulting in areas of lesions that may be located next to 
entirely unaffected areas of mucosa (Smith and Lawson, 2001). Lesioned areas of the intestine 
lack absorptivity, reducing nutrient absorption capacity and efficiency from the intestinal lumen 
(Vannucci et al., 2013). Lesions start to resolve 4-10 weeks after the first observation of symptoms, 
and pigs will eventually return to normal appetite levels and growth rates for their body size 
(McOrist and Gebhart, 2012). 
Although the antibody response to LI is primarily characterized by a marked accumulation 
of IgA within affected cells, whilst the IgG response tends to be fairly mild (McOrist et al., 1992), 
pigs will respond serologically in order to fully recover from infection. The peak antibody response 
to LI occurs 2-3 weeks post-exposure, after which antibody titers begin to decline, but pigs 
typically remain seropositive through slaughter (Sorensen et al., 1997; Guedes and Gebhart, 
2003b; Jordan et al., 2004; Stege et al., 2004). Several serological diagnostic assays are also 
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available to determine infection with LI, including an indirect immunofluorescence assay (Knittel 
et al., 1998), immunoperoxidase monolayer assay (Guedes et al., 2002a) and several different 
ELISA tests (Watarai et al., 2004; Boesen et al., 2005; Kroll et al., 2005a).  
Additionally, pigs challenged with LI exhibit fecal shedding of the organism, Affected pigs 
may shed detectable levels of the organism by 7 days post infection (Guedes et al., 2003), often 
excrete the bacterium for several weeks (Knittel et al., 1998; Guedes and Gebhart, 2003a; Jacobson 
et al., 2010), and have been observed to intermittently shed bacteria for up to 12 weeks post-
infection (Guedes and Gebhart, 2003a). Quantitative polymerase chain reaction (qPCR) assays 
have been developed detect LI in fecal matter with relatively high specificity. These assays, 
depending on methods used, can detect 102 - 105 organisms per gram of feces (McOrist and 
Gebhart, 2012). These measures are a crude indicator of active infection, and best utilized to 
determine whole herd infectivity. 
 
Mycoplasma hyopneumoniae, Lawsonia intracellularis, and Pig Performance 
Health challenges such as Mh and LI attenuate growth of pigs through a variety of 
mechanisms. The independent impact of both pathogens on growth performance and feed 
efficiency has been described several times. Experimental infection with LI consistently reduces 
average daily gain and feed efficiency compared to normal pigs, depending on the challenge dose 
and age of the pig (Table 1.1; McOrist et al., 1997; Guedes et al., 2003; Paradis et al., 2012). 
Whitney et al. (2006c, b) reported reductions in ADG up to 58% and a 55% reduction in feed 
efficiency in 18 kg pigs given an oral LI challenge. Additionally, the impact of subclinical LI 
infections on performance is also significant. Paradis et al., (2012) characterized the impact of 
subclinical PPE in newly weaned pigs, describing reductions of 37% and 27% on ADG and G:F, 
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respectively, on pigs with no outward signs of disease. The impact of Mh on growth performance 
and feed efficiency is more highly varied (Table 1.2), including decreases in ADG as high as 46% 
(Ciprian et al., 2012) in experimentally infected pigs housed under natural conditions. However, 
little to no reduction in feed efficiency were reported in this experiment, indicating that reductions 
in growth may be primarily driven by reduced feed intake. However, when pigs were housed under 
Biosafety Level 3 conditions, Escobar et al. (2002; 2004) reported through a series of experiments 
that infection with Mh alone resulted in no reduction in ADG, whereas co-infection with PRRS 
decreased ADG similarly to infection with PRRS alone. This suggests that Mh alone may not act 
to reduce growth performance and it may antagonize pig growth performance only when other co-
infections or stressors are present. 
Protein turnover and tissue accretion and their relation to health and disease 
The goal of all meat animal production systems is to achieve a high level of skeletal muscle 
growth, which means maximizing the amount of protein synthesis and minimizing the amount of 
protein degradation that occurs within the pig’s skeletal muscle. However, under times of stress 
and nutrient scarcity, nutrients are shuttled away from skeletal muscle synthesis to go to more 
highly prioritized areas of the body, decreasing the capacity for lean growth (Hammond, 1947; 
Elsasser et al., 2000). Additionally, it is hypothesized that a proportion of the slowed growth and 
decreased feed efficiency observed during adverse health events is a result of enhanced protein 
degradation and turnover, presumably to release free amino acids for the synthesis of proteins such 
as acute phase proteins (Reeds et al., 1994), although this has not been documented in porcine 
pathogenic challenges. A net increase in the amount of lean tissue requires adjusting the balance 
between protein synthesis and protein degradation, in which synthesis must outweigh degradation 
(Table 1.3). Under adverse health events, this balance is altered such that pigs are unable to  
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NR = not reported 
n.s. = not significant (P > 0.05) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.1. Impact of experimental Lawsonia intracellularis inoculation on growth performance parameters 
Citation 
Type/Amount of 
inoculum 
(organisms/dose) 
BW (kg) 
when 
inoculated 
Study 
Duration 
(days) 
Clinical 
Impact on 
ADG 
Impact on 
ADFI 
Impact on 
GF 
Paradis et al., (2012) Crude, 3.2 x 104 7.17 21 No ↓ 37% ↓ 21% ↓ 27% 
 Crude, 3.8 x 105 7.23 21 No ↓ 41% ↓ 26% ↓ 29% 
 Crude, 2.2 x 106 7.35 21 Yes ↓ 40% ↓ 22% ↓ 37% 
 Crude, 7.2 x 107 7.28 21 Yes ↓ 52% ↓ 29% ↓ 54 % 
 Crude, 2.4 x 108 7.29 21 Yes ↓ 61% ↓ 32% ↓ 79% 
Macintyre et al., (2003) Pure culture, 2 x 108 7 weeks 42 Yes, 2 
pigs 
↓ 13%, n.s. NR NR 
Guedes et al., (2003) Crude, 5.4 x 108 10.35 20 Yes, 39% ↓ 41% n.s. n.s 
 Crude, 5.4 x 109 10.35 20 Yes, 50% ↓ 83% n.s. n.s. 
 Crude, 5.4 x 1010 10.35 20 Yes, 63% ↓ 87% ↓ 40%, n.s. ↓ 66%, n.s. 
Whitney et al., (2006b) Crude, 1 x 108  17 21 Yes ↓ 55% ↓ 25% ↓ 40% 
Whitney et al., (2006c) Crude, 6.4 x 108  18.4 21 Yes ↓ 68% ↓ 27% ↓ 55% 
Whitney et al., (2006a) Crude, 8 x 108 19.9 21 Yes ↓ 16%, n.s. ↓ 9%, n.s. n.s. 
McOrist et al., (1997) Crude, 3.4-3.7 x 108 6.78 28-56 NR ↓ 22% NR ↓ 15.8 % 
Average impact on performance ↓ 47 % ↓ 26 % ↓ 45 % 
1
5
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NR = not reported 
n.s. = not significant (P > 0.05)
Table 1.2 Impact of experimental Mycoplasma hyopneumoniae inoculation on growth performance parameters 
Citation 
Type/Amount of 
inoculum (CCU/ml) 
BW (kg) 
when 
inoculated 
Study 
Duration 
Clinical 
Impact 
on 
ADG 
Impact 
on ADFI 
Impact 
on GF 
Escobar et al., (2002) Strain P5722-3, 107  7.97 28 days Yes, 100% n.s. n.s. n.s. 
Escobar et al., (2004) Strain P5722-3, 107  15.78 28 days NR n.s. n.s. n.s. 
Ciprian et al., (2012) Strain 194, 104  16.00 35 days Yes ↓ 46% N.R. N.R. 
Clark et al., (1993) Strain P722-3, 107  N.R. 109 days Yes ↓ 6% N.R. N.R. 
Pointon et al., (1985) Natural infection N.R. 50-85 kg Yes ↓ 13% N.R. ↓ 14% 
Average impact on performance ↓ 22 % - ↓ 14 % 
1
6
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maintain the same level of growth as their healthier counterparts. These two systems of 
synthesis/degradation are under independent control, and thus can be manipulated separately to 
alter the rate of muscle accretion. 
 
 
Animal skeletal muscle is composed of three primary types of protein: stroma, 
sarcoplasmic, and myofibrillar. Stroma proteins are the smallest proteinaceous component of 
skeletal muscle, constituting 10%-15% of total protein weight (Goll et al., 2008). These proteins 
are insoluble in aqueous environments and are primarily collagen and extracellular matrix proteins. 
Sarcoplasmic proteins are intracellular proteins, constituting about ~30 to 35% of the total muscle 
mass (Goll et al., 2008). This type of protein encompasses the glycolytic enzymes and other 
Table 1.3. Factors that control rate of muscle growth1 
A. Number and type of muscle cells 
1. Number of muscle cells determined prenatally during embryonic development in 
domestic animals; the greater the number of muscle cells, the greater the muscling 
potential 
2. Three physiological types of muscle cells exist: 1) fast-twitch, glycolytic (FG); 2) 
fast-twitch, oxidative-glycolytic (FOG); and 3) slow-twitch, oxidative (SO); SO 
muscle cells are generally smaller than the other two 
B. Rate of muscle protein synthesis 
1. Stroma proteins – 15%-20% of total protein; over 50% of stroma protein fraction 
is extracellular 
2. Sarcoplasmic proteins – 30%-35% of total proteins; intracellular 
3. Myofibrillar proteins – 50%-55% of total protein; intracellular 
C. Rate of muscle protein degradation 
1. Stroma proteins – extracellular proteases, many of them are probably 
metalloproteases 
2. Sarcoplasmic proteins – probably degraded by lysosomal and the multicatalytic 
proteases (MCP; macropain) 
3. Myofibrillar proteins – highly organized structure places constraints on 
mechanism of turnover 
 1adapted from Goll (Goll, 1992) 
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metabolic enzymes. The third class of muscle proteins is the myofibrillar proteins. These proteins 
make up 55 to 60% of muscle mass by weight and constitute the functional unit of the muscle, the 
contractile sarcomere (Goll et al., 2008). Myofibrillar proteins include actin and myosin, along 
with many other accessory contractile proteins. Since myofibrillar proteins are both the largest 
class of skeletal proteins, as well as the functional unit of skeletal muscle, their mechanisms of 
synthesis and turnover are the primary point focal point of tissue accretion, and what are most 
affected during disease challenge conditions.  
 
Myofibrillar protein synthesis 
 Accretion of lean skeletal muscle tissue postnatally occurs through hypertrophy, increasing 
the size of the muscle fibers within the tissue. Net muscle hypertrophy only occurs when the 
amount of protein synthesis in the tissue outweighs the amount of degradation occurring in the 
same location. Briefly, the 
process of protein synthesis 
involves the translation of an 
mRNA transcript into a protein in 
three phases: initiation, 
elongation, and termination. The 
major pathway that enhances 
protein synthesis involves the 
mammalian target of rapamycin (mTOR) pathway, a synthesis signaling pathway present in all 
organ systems, which acts primarily on the initiation phase of translation. Activation of mTOR 
signaling can be achieved through several mechanisms, such as insulin and amino acid influxes 
Figure 1.3. Schematic of translation initiation via the mTOR 
pathway signaling (Davis et al., 2008). 
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from feed (Fig. 1.3; Preedy and Garlick, 1986). This activation allows mTOR to act as a nutrient 
sensor, reacting to transient changes in hormone and amino acid levels, and stimulating synthesis 
if nutrients are available, and there is no pressing need to divert those nutrients to other processes, 
independent of degradation pathways. When pigs are immunologically stimulated or withheld 
from feed, activity of proteins associated with synthesis pathways are decreased. When challenged 
with LPS, pigs demonstrated a 51% reduction in skeletal muscle phosphorylation of mTOR at Ser 
(2448) (Kimball et al., 2003), decreasing the amount of activated mTOR, and thus the downstream 
signaling. Once activated via phosphorylation of the Ser (2448) residue, mTOR acts to enhance 
protein synthesis through phosphorylation and inactivation of eukaryotic initiation factor 4E-
binding protein (4E-BP1), an mRNA translation suppressor, and by phosphorylating/activating S6 
kinase (S6K1), which act on the ribosome to initiate translation (Richter and Sonenberg, 2005). 
Reductions in the phosphorylation of both 4E-BP1 and S6K1 have been observed in rats treated 
with increasing doses of LPS to stimulate chronic immune stimulation (Lang and Frost, 2005).  
Translation of mRNA to protein in turn increases cellular protein synthesis, eventually leading to 
cell growth and skeletal muscle hypertrophy (Davis et al., 2008). Similarly, when these pathways 
are less stimulated in times of immune challenge, protein synthesis is decreased, which results in 
slower growth rates. Inflammatory challenges and pathogenic diseases act on these synthesis 
pathways in several manners. Firstly, anorectic conditions often result from adverse health events 
due to inflammatory cytokines, decreasing available amino acids and the insulin release to activate 
this pathway (Buchanan and Johnson, 2007). Additionally, the inflammatory cytokine IL-1β 
inhibits the effect of insulin to stimulate skeletal muscle protein synthesis (Klasing and Johnstone, 
1991; Cooney et al., 1999). Altogether, they work to decrease the amount of translation occurring 
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within skeletal muscle tissue to conserve amino acids needed for other processes in times of stress, 
such as mounting an immune defense. 
Myofibrillar protein degradation 
 At the same time synthesis is occurring within skeletal muscle, a level of protein 
degradation is being separately maintained. It is conjectured that a factor contributing to slowed 
growth and decreased feed efficiency during pathogenic challenges is due to an increase in the rate 
of these muscle protein degradation pathways, although this has not directly been demonstrated 
through experimentation. Intracellular protein degradation is primarily controlled by four 
proteolytic systems: the lysosomal system, the calpain system, the caspase system, and the 
ubiquitin-proteasome system. The lysosomal system is not readily present within skeletal muscle 
cells as it is within organs such as the liver or spleen, so it likely does not contribute widely to 
turnover of myofibrils (Wildenthal et al., 1980; Lowell et al., 1986). Traditionally, the caspase 
system was thought to primarily play a role in apoptosis (Goll et al., 2008), but it is also involved 
in the destruction of muscle fibers and may produce substrates that are further degraded by the 
ubiquitin proteasome (Orellana et al., 2012). Caspase-3 activation has been shown to be 
upregulated during LPS challenge in neonatal pigs (Orellana et al., 2012). However, the primary 
mechanism by which myofibrillar protein turnover occurs is via the calpain and proteasomal 
systems. 
 In the proposed mechanism of myofibril turnover, calpains initiate the process through 
cleaving the structural elements that hold the sarcomere together such as nebulin and titin (Fig 1.4; 
Huang and Forsberg, 1998; Lim et al., 2004), allowing for the release of thick and thin filaments 
from the myofibril. The process of filament release must occur without major disruption to the 
functionality of the muscle itself, thus it has been proposed that the filaments that turnover via 
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cleavage due to the calpains are released from the surface of the myofibril. These easily releasable 
myofilaments (ERMs) play an integral role in the daily turnover of skeletal muscle tissue (Neti et 
al., 2009) as they are what become available for degradation to amino acids. Increased abundance 
of the calpains occurs in conditions such as sepsis and glucocorticoid treatment (Hong and 
Forsberg, 1995; Voisin et al., 1996), as does the release of ERMs in a calcium dependent manner 
(Dahlmann et al., 1986; Williams et al., 1999b), indicating that under extreme cases of stress, 
release of myofilaments from skeletal muscle is increased. The calpain system can be altered 
through genetic selection for RFI, with more efficient pigs demonstrating lower levels of calpains 
and 20s proteasome, and higher levels of calpastatin (Smith et al., 2011; Cruzen et al., 2013), 
indicating that altering the rate of protein degradation does play a role in the efficiency of growth. 
Figure 1.4. Mechanism of calpain initiated protein degradation (Goll et al., 2008) 
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Although the 
calpains easily cleave large 
proteins to release ERMs 
from the myofiber, they are 
unable to degrade 
polypeptide chains into their 
amino acid components. 
This is where the 26s 
proteasome plays its role. 
The catalytic center of the 
proteasome is the 20s core particle, a barrel shaped structure that takes in unfolded polypeptide 
chains and cuts them into 6-12 amino acid peptides, which are broken down to individual amino 
acids by cellular exopeptidases (Coux et al., 1996). Free amino acids are then available for use to 
generate new proteins, such as acute phase proteins or cytokines. The proteasome system is 
specific in that only degrades proteins tagged with several ubiquitin molecules (Fig. 1.5; Hershko 
and Ciechanover, 1992). The ubiquitin tagged proteins are recognized by the 19s subunit of the 
proteasome, which help directs the doomed protein into the barrel of the enzyme complex 
(Goldberg, 1995; Goldberg et al., 1995). Increased abundance of components of the ubiquitin 
proteasome pathway is observed during sepsis, fasting, acidosis, and cancerous events (Wing and 
Goldberg, 1993; Mitch et al., 1994; Temparis et al., 1994; Tiao et al., 1994; Williams et al., 1999a; 
Bossola et al., 2003). In addition, whole body protein degradation rate, calculated from whole-
body protein turnover based on N balance, was observed to be slightly increased in weanling pigs 
under a 5 day LPS challenge model versus pair fed controls (Daiwen et al., 2008). However, the 
Figure 1.5. Simplified mechanism of ubiquitin-proteasome 
dependent proteolysis (Mitch and Goldberg 1996) 
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events that have shown an upregulation in protein degradation are primarily associated with times 
of severe muscle atrophy and a decrease in total muscle mass, or acute stress on the body. In theory, 
the same mechanisms and upregulations of muscle proteolysis still occur during less extreme or 
long-term events in which the animal still has a net increase in body mass, but at an attenuated 
rate. Although a large cause of decreased gain is associated with reduced feed intake and thus 
lower available resources for muscle protein synthesis (Johnson, 1997), protein losses during 
disease challenges often exceed that which is seen by decreased intake alone, as observed in chicks 
by Klasing et al.  (1987). As such, decreased efficiency of feed utilization is noted during many 
pathogenic challenges such as observed with LI. It is hypothesized that the additional losses are 
partially due to increased skeletal muscle degradation, that would release free amino acids to 
synthesize immune system components such as acute phase proteins (Reeds et al., 1994). The same 
factors present in atrophic events, such as cytokine release and inadequate caloric intake, that 
contribute to the upregulation of the proteolytic pathways are present during a health challenge 
(Zamir et al., 1992), and the resulting amino acids would then be available to generate components 
for mounting an immune defense (Johnson, 2012). If slowed tissue accretion during disease 
challenges is due an upregulation of myofibrillar turnover pathways, finding a way to inhibit these 
in vivo would ameliorate some of the costs of sickness during growth of the animal.  
 
Tissue accretion  
Altogether, whether through a reduction in protein synthesis, an increase in protein 
degradation, or a combination of the two, adverse health events slow the rate of lean tissue 
deposition (Williams et al., 1997a, b, c). Additionally, pathogen challenges such as Mh and LI may 
shift the body composition of the growing pig such that pigs experiencing immune stimulation 
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have altered ratios of lean to fat versus pigs maintained without immune stressors. Methods such 
as serial slaughter or Dual-energy X-ray Absorptiometry (DXA), allow for measurements of both 
fractional body composition (lean, adipose, bone) and measurements on longitudinal whole body 
tissue accretion (Haydon et al., 1989; Suster et al., 2003) allowing researchers to determine not 
only the extent of growth decrease due to illness, but also the composition of gain during 
pathogenic challenges. The advantages of using DXA as opposed to serial slaughter are that DXA 
allows for a repeated measurement on the same animal, which limits variation due to individual 
differences. Viral challenges such as porcine epidemic diarrhea virus (PEDV) and PRRS have 
both been demonstrated to decrease whole body, lean, and fat accretion as measured via DXA 
scans in growing pigs (Curry et al., 2017a; Schweer et al., 2017), however there are no reported 
tissue accretion measurements on pigs during LI challenges. Escobar et al. (2002; 2004) measured 
tissue accretion via serial slaughter in pigs affected with Mh alone, PRRS alone, and a Mh/PRRS 
co-infection in which pigs affected with Mh alone showed no reduction in tissue accretion or 
differences in body composition. In contrast, pigs in the PRRS and Mh/PRRS combination group 
showed profound decreases in protein and whole body accretion (Escobar et al., 2004), indicating 
that not all pathogens have equivalent impacts on tissue accretion parameters, and highlighting a 
need to characterize the impacts of different pathogenic challenges on growing pigs. 
 
Intestinal physiology, integrity, and nutrient absorption 
 The gastrointestinal tract is also a major factor with regards to growth and nutrient uptake 
during a pathogen challenge. Its primary function in the body is to digest and absorb nutrients 
obtained from food, but it must do this while also maintaining a barrier to keep out pathogenic 
bacteria, viruses, and other harmful molecules. When the structure of the epithelium is altered, the 
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functionality of the tract, and thus the animal’s ability to obtain nutrients from food, is hindered. 
For example, viral infections such as PEDV have been shown to drastically reduce villus height to 
crypt depth ratio, a measure indicative of the total surface area, and indirectly absorptivity, of the 
intestinal tract (Jung et al., 2006; Schweer et al., 2016). The epithelial barrier of the intestine is 
lined with a single layer of epithelial cells. These cells undergo constant renewal in order to 
maintain a functional barrier. Near the base of the intestinal crypts are stem cells that divide to 
form undifferentiated daughter cells (Shirazi-Beechey et al., 2011). Under normal circumstances, 
the daughter cells migrate and differentiate into Paneth cells, enteroendocrine cells, goblet cells, 
and absorptive enterocytes (Cheng and Leblond, 1974). These cells are normally found at an 
optimum ratio to ensure proper function of the tract. Under conditions such as LI infection, this 
process of cellular turnover is affected by bacterial presence, which disrupts the formation, and 
function, of both absorptive and mucus secreting cells (McOrist and Gebhart, 2012). Very little 
information is available examining the impact of LI itself on intestinal structure and function, 
indicating a need to fully characterize the effects this infection has on gastrointestinal structure 
and function. 
 
Nutrient hydrolysis and absorption 
The three primary classes of nutrients the pig must be able to hydrolyze, absorb, and send 
into circulation from feedstuffs are carbohydrates, lipids, and proteins. Although the mechanisms 
by which these macromolecules are transported across the epithelial layer vary, all three classes of 
macromolecules must first undergo some level of hydrolysis in order to be in a transportable form. 
For example, digestion of carbohydrates begins as they mix with salivary α-amylase (Low, 1980), 
and continues in the small intestine with brush border disccharidases such as sucrase, lactase, and 
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maltase until carbohydrates are monosaccharides that are of absorbable form and positioned near 
the enterocyte for transportation out of the lumen. Proteins and lipids are broken down through 
slightly different, yet functionally similar pathways. Decreased activity of the carbohydrases is 
observed in the case of enteric pathogenic diseases such as PEDV (Jung et al., 2006), which would 
lead to a decrease in the amount of nutrients available to the animal in an absorbable form. Once 
nutrients are digested and positioned near the enterocyte, they are ready to be taken up into the 
body. Transport of monosaccharides and proteins across the epithelium require transporters such 
as glucose transporter (GLUT) 5, sodium/glucose cotransporter (SGLT) 1, and peptide transporter 
(PEPT) 1, (Daniel, 2004; Shirazi-Beechey et al., 2011). Transport via SGLT 1 is coupled to the 
Na+ electrochemical gradient, which gains its energy from the basolateral Na+/K+ ATPase (Wright 
et al., 2007). In LPS models of inflammation, pigs demonstrate both decreased active ileal sugar 
and electrolyte transport (Kanno et al., 1996; Albin et al., 2007). The mechanisms by which LPS 
decreases their function likely involves pathways of cytokine release, which initiate several 
signaling cascades leading to protein kinase activation, decreasing the function and/or abundance 
of intestinal nutrient transporters (Amador et al., 2008; Garcia-Herrera et al., 2008). With regards 
to nutrient transport in LI infections, Vannucci et al. (2010) examined total nutrient absorption of 
glucose, potassium, chloride, and sodium as well as intestinal structural morphology based on 
intestinal villus height and crypt depth in Syrian hamsters experimentally infected with LI. In this 
experiment, LI infected hamsters did not have altered structural morphology compared with 
Controls, but did appear to have reduced absorption of glucose, potassium, and chloride (Vannucci 
et al., 2010). Similarly, glucose uptake measured via an oral glucose absorption test was reduced 
in foals diagnosed with LI (Wong et al., 2009). However, whether altered nutrient absorption 
occurs during LI infections in pigs is unclear. 
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The intestinal barrier 
The gastrointestinal tract covers a surface area of approximately 100 m2 in an adult human, 
making it the largest mucosal surface in the body (Artis, 2008). Thus, a large role must also be to 
act as a defensive barrier from the external environment. Due to the constant exposure to both 
pathogenic antigens and commensal organisms, the intestinal tract be able to trigger an 
inflammatory response to pathogenic bacteria and maintain tolerance to commensal organisms and 
food antigens (Eckmann et al., 1997; Artis, 2008). This barrier system consists of mucus secretion, 
the formation of tight junction (TJ) complexes, the epithelial cell layer, and the immune system 
components of the intestinal tract all working in coordination to prevent dysfunction (Gumbiner, 
1987).  
The initial line of defense occurs at the epithelium of the intestine. The mucus layer that 
sits above the epithelium plays a large role in keeping out unwanted substances, serving as a 
physical barrier to prevent bacterial penetration (Barreau and Hugot, 2014). The mucins are large 
glycoproteins consisting of a serine/threonine rich protein backbone and a liked to a variety of 
oligosaccharide side chains (Hollingsworth and Swanson, 2004). The intestinal goblet cells are 
responsible for producing a variety of these mucins, including the primary secreted mucin (MUC) 
2 and the membrane bound mucins MUC1, MUC3, MUC4, MUC12, MUC13, and MUC17 (Kim 
and Ho, 2010; Johansson et al., 2013). The secreted mucins in the small intestine form a gel that 
mixes with additional components (antimicrobial peptides such as β-defensins and lysozymes, 
IgA, trefoil peptides) to protect and lubricate while simultaneously allowing nutrient absorption. 
Regulation of mucin secretion can occur via microbes and their products, toxins, hormones, 
neuropeptides, cytokines and growth factors (Andrianifahanana et al., 2006; Thai et al., 2008). 
Acute inflammatory events induce goblet cells to increase mucus production and secretion, 
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however chronic stimulation eventually results in goblet cell depletion and alteration to the mucus 
layer. With regards to LI infections, intestinal microarray analysis has been performed in pigs 
experimentally infected with LI in which mRNA abundance of solute carrier genes, brush border 
genes, and mucosal integrity genes such as MUC2 and trefoil transcripts have been shown to be 
decreased (Smith et al., 2014). Lawsonia intracellularis is also known to deplete MUC2 
production (Bengtsson et al., 2015), decreasing the mucus barrier to pathogen entry. However, the 
functional implications of these transcriptional and translational changes have not yet been 
explored through experimentation. 
Molecules that reach the epithelium primarily permeate in two ways: transport between the 
epithelial cells (paracellular) and transport through the cells (transcellular). The paracellular 
mechanism is used by water and nutrient sized, water soluble molecules, and is tightly regulated 
by the presence and size of the TJ complexes. Tight junctions consist of 4 types of transmembrane 
spanning proteins: the claudins, occludin, junctional adhesion molecules, and tricellulin 
(Groschwitz and Hogan, 2009). The claudins and occludins, the TJ proteins located closest to the 
lumen, are considered to be the most crucial with regards to TJ permeability, and both have been 
demonstrated to be of decreased abundance during enteric infections such as PEDV (Curry et al., 
2017b). Tight junction permeability can also be altered through endocytosis of TJ proteins, 
synthesis of the TJ proteins, and apoptosis of the epithelial cells (Mankertz et al., 2000; Bruewer 
et al., 2003; Utech et al., 2005). Similarly, pathogens can bind the epithelial cells or colonize within 
them to alter TJ function and structure via disassembly and/or myosin light chain kinase activation 
(Barreau and Hugot, 2014). Transepithelial resistance (TER), an electrical measurement of ion 
movement across TJ pores, is an ex vivo tool which can be used to evaluate the TJ permeability of 
the intestinal epithelium as it would be functioning within the pig. In the case of TERs, a higher 
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level of resistance indicates tighter TJ pores, and thus higher mucosal integrity. Decreases in TER 
have been observed in in viral enteric challenges such as PEDV (Schweer et al., 2016; Curry et 
al., 2017b). Additionally, increased transport of macromolecules such as fluorescein 
isothiocyanate (FITC) labeled dextran (FD4) can be used to indicate decreased barrier integrity. 
Increases in FD4 permeability have been observed in pigs during enteric challenges such as 
Salmonella typhimurium and PEDV (Boyer et al., 2015; Schweer et al., 2016). However, all 
pathogens act within the body via different mechanisms, so it is unclear if the same paracellular 
permeability changes occur during LI infections. 
 
General Conclusions 
In conclusion, Mh and LI antagonize pig performance to varying degrees, yet both have an 
impact on the profitability of pig production. On average, Mh infection reduces ADG by 22% and 
FE by 14% (Table 1.2), although information regarding Mh impacts on performance is limited. 
Additionally, infection with LI causes an average reduction in ADG of 47% (Table 1.1).  This 
review indicates that there is still much work to be done with regards to pathogen impacts on feed 
efficiency, protein synthesis, protein degradation, whole body tissue accretion, and intestinal 
integrity. Similarly, the specific pathogenesis of Mh and LI, especially the mechanism by which 
LI causes PPE, are not yet fully understood. As such, very little is known about how Mh and LI, 
alone or in tandem, affect body processes such as protein synthesis, protein degradation, whole 
body tissue accretion, intestinal nutrient transport, and intestinal barrier permeability. It is 
especially surprising that the impact of LI infections on intestinal structure, barrier permeability, 
and nutrient transport has not yet been well characterized in pigs, although the measures have been 
shown to be altered in other enteric infections such as PEDV. In a larger context, information 
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regarding the impact of pathogenic challenges in general on body processes such as muscle protein 
degradation and the role it plays in attenuating growth during pathogenic challenges is lacking.  
In addition, although there is a breadth of information available with regards to genetic 
selection for RFI in pigs and the physiological processes contributing to differences in feed 
efficiency, there is no consensus about if constant selection for enhanced feed efficiency hinders 
the pig’s ability to mount an effective immune response to a pathogenic challenge.  Understanding 
the true impact of selection for increased feed efficiency on response to pathogen challenges has 
wide reaching consequences for an industry that has long focused on increasing feed efficiency as 
much as possible, rather than aiming for an intermediate level of a trait to balance out other 
physiological processes. Based on this review, this thesis will focus on the following objectives: 
 
1) Characterizing the longitudinal growth performance and tissue accretion impact of 
MhLI infection on pigs divergently selected for RFI to determine if selection for LRFI 
makes pigs more susceptible to pathogen challenge, and 
2) Examining the metabolic adaptation of grow-finish pigs to an MhLI dual challenge. 
 
This thesis will provide information to better understand the changes that occur during 
pathogenic health challenges, so we can find ways to ameliorate the losses that occur as a result of 
clinical and sub-clinical disease.  
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Abstract 
Feed efficiency (FE) is a valuable trait, yet how genetic selection for enhanced FE affects 
other processes such as response to disease is unknown. Disease from endemic respiratory and 
enteric pathogens such as Mycoplasma hyopneumoniae (Mh) and Lawsonia intracellularis (LI) 
are common in swine production. Therefore, the aim of this study was to examine if pigs selected 
for high versus low FE based on residual feed intake (RFI) respond differently to a dual respiratory 
and enteric challenge. Pigs selected for low RFI (LRFI, high feed efficiency) pigs are considered 
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more FE compared to their high RFI (HRFI, low feed efficiency) selected counterparts. Using a 2 
x 2 factorial design, 25 littermate pairs from the HRFI and 25 littermate pairs from the LRFI line 
(barrows, 50 ± 7 kg BW) were selected, with one pig from each pair assigned to individual pens 
in either the challenge or the non-challenge (control) rooms (n = 25 barrows per line/challenge). 
On days post inoculation (dpi) 0, the challenged pigs were inoculated with LI and Mh (MhLI). 
Feed intake, body weight, fecal swabs, and serum samples were collected and recorded weekly for 
42 days. On dpi -2 and 47, 14 littermate pairs (n=7 barrows per line/challenge) were utilized for 
initial and final body composition scans using dual X-ray absorptiometry to calculate longitudinal 
whole body tissue accretion rates for lean, protein, fat, and bone mineral content. Serum antibody 
levels and fecal shedding of LI were used to confirm infection. Control pigs remained negative by 
all measures during the 6 week trial and MhLI inoculated pigs were confirmed positive via 
serological antibody responses by dpi 14 for LI and Mh. There were no interactions between RFI 
line and challenge status for any overall performance parameter (P > 0.05). The six week MhLI 
challenge resulted in a 17% reduction in ADG, a 12% reduction in ADFI, and a 7% reduction in 
G:F versus controls (P < 0.05). In addition, compared to the control pigs, MhLI challenge reduced 
lean, protein, and lipid accretion rates by 16% (P < 0.05). Genetic selection for high FE resulted 
in decreased ADFI and increased G:F (P < 0.01), but did not impact ADG or tissue accretion versus 
low FE pigs. Collectively, these results demonstrate that a dual enteric and respiratory pathogen 
challenge reduced ADG, ADFI, G:F and tissue accretion in growing pigs. Further, there was no 
evidence that selection for enhanced FE based on RFI index affects response to disease. 
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Introduction 
Diminished pig performance due to compromised respiratory and enteric health is an 
economic, animal welfare, and antimicrobial use concern facing pork producers worldwide. Two 
pathogens with considerable economic impact in grow-finish pigs are Mycoplasma 
hyopneumoniae (Mh) and Lawsonia intracellularis (LI). Mycoplasma hyopneumoniae is the 
primary causative agent of enzootic pneumonia, a bacterial disease prevalent in all production 
stages (Sibila et al., 2009; Thacker and Minion, 2012). Lawsonia intracellularis is an enteric 
bacterium that causes porcine proliferative enteropathy, a disease resulting in thickened intestinal 
mucosa (McOrist and Gebhart, 2012). With both pathogens, ADFI and ADG are attenuated, 
increasing production costs (Brandt et al., 2010; Thacker and Minion, 2012).  
With immune challenge from disease agents, nutrients are partitioned towards the immune 
response components resulting in antagonized performance (Johnson, 2012). Variation in the 
ability of pigs to allocate nutrients for immune system function and recovery may dictate how pigs 
resolve a pathogen challenge. It was hypothesized that selection for increased feed efficiency (FE), 
an economically important trait, makes pigs more susceptible to immunological stressors due to a 
reduced ability to repartition nutrients for recovery (Rauw, 2007). However, inflammatory 
challenges have not supported this hypothesis thus far (Rakhshandeh et al., 2012; Labussière et 
al., 2015; Merlot et al., 2016). In examining response to disease, high FE pigs were more robust 
during a Porcine Reproductive and Respiratory Syndrome (PRRS) virus challenge than pigs of 
lower FE (Dunkelberger et al., 2015), although these differences were small.   
Thus, the aim of this study was to determine if high FE pigs would be at a disadvantage, in 
terms of growth performance, compared with pigs of lower FE during a dual enteric and respiratory 
challenge, using divergent residual feed intake (RFI) lines to model selection for FE.  
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Materials and Methods 
All animals were handled in accordance with the Iowa State University Institutional Animal Care 
and Use Committee (IACUC# 6-16-8298-S). 
 
Animals, housing, and experimental design 
A total of 25 low RFI (LRFI) and 25 high RFI (HRFI) littermate pairs of unvaccinated 
Yorkshire barrows (50 ± 7 kg BW) from the 11th generation of the Iowa State University RFI 
selection project were chosen for this experiment. The two lines have been divergently selected 
such that pigs with low RFI (LRFI) consume 12-15% less feed for a given amount of growth and 
backfat as pigs with greater RFI (Boddicker et al., 2011). Thus, LRFI pigs are considered more FE 
compared to their HRFI selected counterparts (Cai et al., 2008). These pig lines can be utilized to 
evaluate the physiology that may define FE differences in growing pigs. Therefore, littermate pairs 
were split, randomly allocated to individual pens across two rooms in the same barn, and allowed 
to acclimate for 21 days prior to inoculation. During the 21-day acclimation period, pooled serum 
and fecal samples were tested to confirm the selected pigs were negative for both Mh and LI based 
on antibody response and fecal PCR, respectively. All pigs had free access to water and were fed 
ad libitum the same corn-soybean diet for the duration of the experiment. The diet (Table 1) was 
formulated to meet or exceed all nutritional requirements for pigs of that size (National Research 
Council, 2012).  
Prior to inoculation, one room was designated the control room and the other the challenge 
room. The resulting 2 x 2 factorial design consisted of four experimental groups: 1) LRFI control 
(n = 25 barrows), 2) HRFI control (n = 25 barrows), 3) LRFI-MhLI challenged (n = 25 barrows), 
and 4) HRFI-MhLI challenged (n = 25 barrows).  The rooms had identical pen size, feeders, 
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flooring, heating, cooling, and water supply, but separate manure pits. Temperature was recorded 
daily in both rooms, and there was no difference in temperature measurements between the two 
rooms. Additionally, there were no performance differences between the rooms during the 21-day 
acclimation period prior to the challenge (data not shown). 
 
Inoculation and sample collection 
On days post inoculation (dpi) 0, pigs (67.83 ± 1.929 kg BW) in the challenge room were 
inoculated with both Mh and LI (MhLI; challenge pigs), while pigs in the control room were 
inoculated with a sham (Control pigs). Pigs were under snare restraint for all inoculations.  For the 
respiratory challenge, Mh was dosed in a 10 mL Mh inoculum (strain 232, containing 105 color-
changing units/mL) via intra-tracheal gavage and for the enteric challenge, pigs were intra-
gastrically gavaged with 40 mL LI inoculum (2 mL gut homogenate, containing 2 x 107 LI 
organisms). Both inoculums were prepared at the Iowa State University Veterinary Diagnostic 
Laboratory (ISUVDL, Ames, IA). The Mh inoculum was prepared from a crude lung homogenate 
and the LI from crude gut homogenates.  
Individual feed disappearance and BW were recorded for each pig on dpi 0 and then weekly 
for the duration of the 6 week challenge period (dpi 42). From these recordings, ADG, ADFI and 
G:F were calculated for each week. At dpi 21, 12 littermate pairs (n = 6 barrows/line/challenge) 
were removed and euthanized for separate experimentation that will be described elsewhere; their 
removal was accounted for in the statistical model. Additionally, these pigs were utilized to 
evaluate lungs and ileum which re-confirmed successful inoculation, which will be reported 
elsewhere (data not shown). 
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Blood samples (10 mL) were collected into BD Vacutainer serum tubes (Becton, Dickinson 
and Company, Franklin Lakes, NJ) via jugular venipuncture from all pigs at dpi 0, 14, 21, 28 and 
42. Samples were allowed to clot, centrifuged (2,000 x g for 10 minutes at 4⁰C), and serum 
collected and stored at -80⁰C. Individual pig serum samples were submitted to the ISUVDL and 
tested via ELISA tests to quantify Mh (IDEXX Laboratories, Inc., Westbrook, ME) and LI 
(SVANOIR® Ileitis ELISA, Boehringer Ingelheim Svanova, Uppsala, Sweden) antibody 
response. Lawsonia intracellularis antibody response was reported as percent inhibition, in which 
inhibition between 20 and 30% was considered suspect for LI, and inhibition greater than 30% 
was considered positive. Mycoplasma hyopneumoniae antibody response was reported as a sample 
to positive (S:P) ratio. A S:P ratio between 0.30 and 0.40 was considered suspect for Mh and an 
S:P greater than 0.40 was considered positive for Mh. 
 Fecal swabs were collected on a randomly selected subset of 14 littermate pairs (7 barrows 
per line/challenge) at dpi 0, 7, 14, 21, 28, 35 and 42 to asses fecal shedding of LI. Swabs were 
submitted to the ISUVDL for routine quantitative real-time PCR (RT-PCR) testing for presence 
of LI shedding (Burrough et al., 2015). Polymerase chain reaction cycle-threshold (Ct) values less 
than 35 were considered positive for LI presence and greater than 35 were interpreted as negative. 
Pigs with fecal samples that have lower Ct values are more likely to have clinical signs, gross 
lesions or microscopic lesions or lesions, such that Ct values less than 20 would be consistent with 
clinical disease, samples with Ct values between 20 and 25 are likely infected with microscopic 
lesions, and those with Ct values between 26 and 35 are usually asymptomatic without discernible 
lesions, but still must respond immunologically. 
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Whole body composition and tissue accretion rates 
The same subset of 14 littermate pairs (n = 7 pigs/line/challenge) that were randomly 
chosen prior to inoculation for fecal swab testing were also utilized for longitudinal assessment of 
whole body composition and tissue accretion rates over the six week MhLI challenge period. Pre- 
(initial, dpi -2) and post-challenge (final, dpi 47) whole body composition was measured using 
non-destructive dual-energy X-ray absorptiometry (DXA; Hologic Discovery A, Bedford, MA), 
as previously described (Suster et al., 2003). To minimize gut fill, feed was unavailable for 12 
hours prior to the scan. Pigs were transported off-site for the scans and returned the same day to 
their individual pens. For the initial DXA scan, pigs were anesthetized via an intramuscular 
injection of telazol:xylazine:ketamine cocktail (4.4, 4.4,  and 2.2 mg/kg BW respectively). Once 
anesthetized, pigs were placed prone on the DXA scan table, with the fore and hind legs extended. 
After the scan was complete, pigs were given time to recover from anesthesia and were then moved 
back to their pens. For the final body composition, pigs were euthanized via captive bolt. Whole 
body, bone, and lean tissue mass, and fat mass and percentage were provided by the raw DXA 
scans. Data from the raw DXA output was then adjusted to account for blood volume and 
gastrointestinal fill using calibration curves that were built as previously described (Colpoys et al., 
2016; Curry et al., 2017).  These longitudinal scan data were then used to calculate tissue accretion 
rates (g/d) from corrected DXA scan results using the following formula: 
g/d = (corrected final scan measurement – corrected initial scan measurement) 
days between scans  
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Statistical analysis  
The SAS program was used for the statistical analyses of all performance and tissue 
accretion data (SAS Institute Inc., Cary, NC). The following mixed model with a repeated 
statement was fitted to ADG, ADFI, G:F, antibody response, and LI fecal shedding data: 
Yijklmno = μ + MhLIi + Linej + Periodk + Litter{Line}il + Agem + BWstartn + (MhLI × Line)ij + 
(MhLI × Period)ik + (Line × Period)jk  + (MhLI × Line × Period)ijk + eijklmno,  (1) 
 
wherin Yijklmno = the phenotype measured on animal n;  
MhLIei = effect of disease challenge i (fixed effect; MhLI, Control);  
Linej = effect of genetic line j (fixed effect; low RFI, high RFI); 
Periodk = effect of period k (fixed effect; dpi 0-7, 8-14, 15-21, 22-28, 29-35, 35-42); 
Litter{Line}il = effect of litter l nested within line i (random effect); 
Agem = covariate effect of age m (regression coefficient); 
BWstartn = covariate effect of BW at the start of the trial; 
(MhLI × Line)ij = interaction effect between challenge i and line j; 
(MhLI × Period)ik = interaction effect between challenge i and period k;  
(Line × Period)jk = interaction effect between line j and period k;  
(MhLI × Line × Period)ijk = interaction effect between challenge i and line j and period k; 
and  
eijklmno = error term of animal n subjected to challenge i, of line j, in period k, born in litter 
l, of age m, eijklmno~NID(0, δ2e).  
Period was identified as the repeated effect in the model for each individual. The following 
variance-covariance structures for repeated measures were evaluated to describe the individual 
data on a trait by trait basis: Homogeneous Autoregressive (1) (AR(1)), Heterogeneous 
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Autoregressive(1) (ARH(1)), Compound Symmetry (CS), Toeplitz (TOEP), and Unstructured 
(UN). The first two models also included the random effect of the individual. Model choice was 
based on evaluation of fit statistics (the (corrected) Akaike’s information criterion and the Sawa 
Bayesian information criterion). Measurements from DXA scans were analyzed with a random 
mixed model similar to model (1) but excluding the repeated effect of Period and its interactions.  
Data are reported as least squares (LS) means ± pooled SEM. Differences were considered 
significant when P < 0.05 and a tendency when 0.05 ≤ P < 0.10. 
 
Results 
Response to infection 
 Testing of pooled serum samples and fecal swabs prior to inoculation confirmed the 
absence of antibodies against both pathogens, as well as no shedding of LI. No mortality occurred 
and no antimicrobial interventions were required as a result of the dual MhLI challenge. 
Additionally, pigs showed limited outward symptoms of infectivity during daily observations, with 
only 2 of the 50 MhLI challenged pigs exhibiting diarrheal symptoms characteristic of LI 
infections during the entire 6 week period. Serum samples tested over the duration of the 
experiment confirmed successful inoculation of the pigs in the MhLI challenge group (Fig. 2.1). 
Additionally, necropsy of a subset of 24 pigs at dpi 21 confirmed MhLI inoculation via gross 
lesions and pathogen immunohistochemistry staining for pathogen presence (data not shown). As 
intended, the status of the Control pigs remained negative over the 6 week challenge period for 
both LI and Mh antibodies, as well as for LI fecal shedding.  
The interaction of dpi x line was not significant for antibody response to either LI or Mh. 
All MhLI inoculated pigs tested positive for Mh and LI by dpi 14.  The Mh antibody response 
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steadily increased over the 6-wk challenge period (P < 0.01), whereas the LI antibody response 
increased until dpi 14 in the LRFI line and until dpi 21 in the HRFI line, after which it began to 
decline (Fig.  2.1A and B).  LRFI pigs tended to have a higher Mh antibody response than HRFI 
pigs (P = 0.06; Fig. 1A) but there were no differences in antibody response to LI between the lines 
(P > 0.05; Fig. 2.1B). 
The interaction of dpi x line was significant for fecal shedding of LI (P = 0.009; Fig. 2.1C). 
High RFI pigs excreted greater levels of LI (P = 0.001); this was most notable between dpi 14 and 
21, when LRFI pigs exhibited a sharp decrease in pathogen shedding, while HRFI pigs continued 
to shed at a similar level. By week 6 (dpi 42), pigs in both lines no longer had detectable LI in 
fecal swabs.  
 
Growth performance 
 Initial body weight was 5 kg lower for the LRFI line than for the HRFI line (P = 0.006, 
Table 2.2), and thus was included as a covariate in model (1) to focus on performance within the 
challenge period. Repeated measures of changes in BW over the 42 day test period (Fig. 2.2A) 
were not affected by MhLI x line x dpi (P = 0.190) or Line x dpi (P = 0.279). However, irrespective 
of RFI line, BW changes were significantly lesser in MhLI pigs compared to the Control pigs over 
the entire challenge period (P < 0.001).  Similarly, there were no line x challenge interactions for 
ADG, but overall, infection with MhLI decreased ADG by 17% over the 42 day challenge period 
(P < 0.001, Fig. 2.2B) and MhLI pigs ended the study 3.7 kg lighter than their uninfected Control 
counterparts (P = 0.004, Table 2.2). Lower ADG in MhLI pigs versus controls was first observed 
from dpi 8-14. By the end of the 42 day study, MhLI pigs showed recovery and had ADGs similar 
to the Controls. Although differences in ADG between the lines were not significant (P > 0.05), 
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LRFI pigs reached their lowest performance from dpi 22-28, only gaining 0.41 kg/day, after which 
ADG slowly increased. In contrast, HRFI pigs showed a large drop in ADG from dpi 8-14, after 
which ADG began to return to that of Controls.  
Feed intake was the only growth performance measure that showed a significant line x 
challenge x dpi interaction (P = 0.017), as MhLI pigs consumed significantly less feed than Control 
pigs, and LRFI pigs consumed less feed than the HRFI group (Fig. 2.2C). Differences in ADFI 
between MhLI and Control pigs, with MhLI pigs consuming less feed, were first observed between 
dpi 8-14. Infected pigs consumed the least feed compared to Controls from dpi 22-28, after which 
their intake appeared to recover and they consumed at the level of the Controls by the end of 42 
days. From dpi 0 to 42, overall ADFI was reduced by 12% in the MhLI pigs versus Controls (P < 
0.001). As expected based on the selection experiment, LRFI pigs consistently consumed 10-15% 
less feed than HRFI, regardless of their challenge status throughout the 42 day study (P < 0.001). 
There was no significant line x challenge interaction for feed efficiency, but in both MhLI 
and Control pigs, G:F decreased over time (P < 0.001; Fig. 2.2D). Over the entire 42 day challenge, 
MhLI pigs demonstrated a 7% reduction in feed efficiency versus Controls (P < 0.05). As 
expected, LRFI pigs had greater feed efficiency (P < 0.05) due to their genetic selection to consume 
less feed for the same ADG. 
 
Whole body composition and tissue accretion 
Initial and final body composition and whole body tissue accretion rates are reported in 
Table 2.3. There were no significant line x challenge interactions for any of the DXA scan 
parameters (P > 0.05). Initial BW and whole body lean, protein, fat and bone mineral content 
(BMC) mass, and bone mineral density (BMD) were not significantly different (P > 0.05) between 
55 
 
the two challenge groups. There was an initial line effect, as LRFI pigs had more whole body lean 
and proteinaceous tissue mass (P < 0.05), lower adipose tissue (P < 0.05), and thus tended to have 
a greater lean to fat ratio (P = 0.058). 
 Final whole body composition shows that the MhLI challenge impacted tissue accretion, 
regardless of RFI line (Table 2.3); final BW was 12% lower for the MhLI versus Control pigs (P 
= 0.007), whole body lean and protein mass were 5% lower (P = 0.001), BMC was 11% lower (P 
= 0.007), and BMD was 4% lower   (P = 0.022). Final whole body fat mass did not differ between 
the MhLI and Control pigs (P > 0.05). Genetic selection for RFI affected final body composition, 
as lean:fat ratio tended to differ, with HRFI pigs exhibiting a lower lean:fat ratio than the LRFI 
pigs (P = 0.098). Bone mineral density was significantly different between lines, with LRFI pigs 
having greater BMD than HRFI pigs (P = 0.033).  
 Whole body tissue accretion rates over the 47 dpi MhLI challenge period are reported in 
Table 3. Compared to the controls, MhLI inoculated pigs had 17% lower whole body tissue 
accretion rate (P = 0.008). Other accretion parameters were similarly lower for the MhLI pigs. 
Lean and protein accretion rates were 17% lower in the MhLI pigs versus Controls (P = 0.010), 
fat accretion rates were 17% lower (P = 0.013), and BMC accretion was 15% lower (P = 0.001). 
Line only impacted the accretion rates for BMC, with LRFI pigs tending to have a greater daily 
accretion (P = 0.062). 
 
Discussion 
Endemic disease in swine compromises health status, often results in sub-optimal pig 
performance, and thus leads to economically significant production loss for producers (Schweer 
et al., 2017; Williams et al., 1997a, b, c). In production systems, pigs often have simultaneous 
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enteric and respiratory challenges. Additionally, there is concern that heavy selection for the 
economically important trait of feed efficiency results in pigs that are less equipped to overcome 
pathogen challenge. Therefore, the objective of this paper was to determine if pigs with greater 
feed efficiency have a greater reduction in growth performance during a dual enteric and 
respiratory health challenge than pigs with lower feed efficiency. Two lines of pigs divergently 
selected for RFI were used to model differences in feed efficiency. In previous generations of pigs 
from these two lines, LRFI pigs consume 0.3 – 0.6 kg less feed per day than HRFI pigs for similar 
rates of gain, resulting in 10 to 35% greater feed efficiency (Boddicker et al., 2011; Harris et al., 
2012; Grubbs et al., 2013). The results herein are consistent with this, as LRFI pigs were 12% 
more feed efficient than their HRFI counterparts, regardless of challenge status. 
The concern that continuous selection for improved feed efficiency results in pigs less 
equipped to cope with multiple pathogen challenges is based on the hypothesis that pigs selected 
for high production efficiencies may be genetically pre-programmed to preferentially allocate 
nutrients to production functions and less able to re-allocate the necessary resources to overcome 
disease (Rauw et al., 1998; Rauw, 2007). This notion has been somewhat supported by work in 
poultry, where growing layers of high feed efficiency appeared to be more affected by a Salmonella 
enteritidis infection than layers with low feed efficiency (Van Eerden et al., 2004). In pigs, when 
divergent RFI lines were challenged with complete Freund’s adjuvant, there were no differences 
in growth or feed intake between the LRFI and HRFI pigs (Merlot et al., 2016), suggesting the two 
lines coped similarly under immune stress.  Further, when subjected to a constant inflammatory 
challenge with lipopolysaccharide, LRFI and HRFI pigs had similar responses with respect to 
apparent ileal digestibility, intestinal nutrient transport, and ileal transepithelial resistance 
(Rakhshandeh et al., 2012). These inflammatory challenges do not truly capture the growth 
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performance impacts that would occur in a pig during an extended disease challenge. In a PRRS 
disease challenge model, pigs selected for LRFI were actually more robust than HRFI pigs during 
the challenge, although the difference was small and only significant when analyzed jointly with 
off-test pigs that were used as a control group (Dunkelberger et al., 2015). Additionally, the 
tendency for high FE pigs to be more robust in response to infection were primarily based on faster, 
heightened antibody responses and decreased viral load, rather than growth performance 
(Dunkelberger et al., 2015). Although the HRFI and LRFI pigs utilized in the study herein had 
strikingly different patterns of LI fecal shedding, bacterial fecal shedding only loosely correlates 
with the presence of clinical disease, and should be interpreted simply as a diagnostic tool rather 
than as a tool to make comparisons about disease severity (Burrough et al., 2015). The performance 
data, a more economically relevant measure of disease severity than diagnostic methods, in the 
study herein suggest that selection for low RFI, or high FE, does not affect the changes in ADG, 
G:F, or whole body tissue accretion that result from a MhLI challenge.  
Enteric pathogens compromise the functionality of the gastrointestinal tract through a 
variety of mechanisms. Lawsonia intracellularis invades the immature enterocytes of the intestinal 
crypts and stimulates mitosis, while inhibiting normal epithelial cell differentiation (Moeser and 
Blikslager, 2007). Reductions in weight gain and feed efficiency attributed to LI infections are 
thought to be a result of lost body protein and amino acids into the intestinal lumen in combination 
with reduced nutrient absorption, as newly formed enterocytes are unable to reach their normal 
absorptive capacity (McOrist and Gebhart, 2012). In a typical LI challenge model, bacteria can be 
found in the intestines and feces 1-3 weeks post inoculation, with peak clinical symptoms and 
lesions occurring 3 weeks following inoculation (McOrist and Gebhart, 2012). Lawsonia 
intracellularis manifests clinically with considerable variation, but symptoms include lethargy, 
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anorexia, diarrhea, and even sudden death from a hemorrhagic form of proliferative enteropathy, 
depending on stage of production, pre-existing immune status, and severity of infection. 
Experimental inoculation with LI consistently reduces ADG by 6-20% and feed efficiency by 6-
25% (Gogolewski et al., 1991; McOrist et al., 1996; McOrist et al., 1997; Paradis et al., 2012). 
Subclinical proliferative enteropathy still causes hyperplasia, decreased absorptive capacity, and 
reduced performance without outward symptoms of illness, making diagnosis and treatment in a 
large-scale setting difficult (McOrist and Gebhart, 2012; Paradis et al., 2012). In a subclinical LI 
challenge model in nursery pigs that displayed limited outward signs of disease, Paradis et al. 
(2012) found ADG and feed efficiency reductions of 37 and 27%, respectively. The reductions in 
performance parameters in the present study as a result of MhLI inoculation, while significant, 
were not as marked as those observed by Paradis et al. (2012), but the grow-finish pigs utilized 
herein were older than those often utilized in inoculation models. Additionally, pigs were evaluated 
over 6 weeks, a time period long enough to allow recovery from infection.  
Pigs under inflammatory stress, as observed during Mh infection, show reductions in feed 
intake due to cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF) α 
(Escobar et al., 2002; Thacker and Minion, 2012). Consequences of decreased feed intake include 
decreased BW gain and protein accretion. However, Escobar et al. (2002; 2004) reported no 
differences in feed intake, ADG, or feed efficiency in two separate 28 day Mh studies using nursery 
pigs, despite increased mRNA abundance of IL-1β, IL-6, and TNF-α in the lungs of infected pigs, 
while pigs infected with PRRS and a Mh/PRRS combination exhibited marked reductions in ADG. 
However, these experiments were performed in disease containment chambers that prevented 
potentiation with any other pathogens or immunological stressors. Under less controlled 
conditions, results show varied decreases in ADG and ADFI but limited impacts on feed efficiency 
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(Straw, 1991; Clark et al., 1993; Scheidt et al., 1994; Ciprian et al., 2012). However, severe 
enzootic pneumonia resulting from Mh and Pasteurella multocida co-infection has been 
demonstrated to have marked impacts on pig ADG, ADFI, and G:F (Eamens et al. 2007; Wyburn 
et al. 2011).  Additionally, Mh co-infection with Pasteurella multocida increases lesion severity, 
and decreases carcass fat percentage as measured via computed tomography compared to pigs 
infected with Mh alone (Eamens et al. 2007). In the current study, it is not possible to elucidate 
disease-specific impacts, but reduced feed intake resulting from pulmonary inflammation is a 
likely cause of decreased performance. Therefore, the reductions in ADG, GF, as well as lean 
tissue accretion observed herein are likely due to a combination of feed intake reduction from both 
Mh and LI challenge, plus an additional loss of nutrients due to decreased absorption from the 
enterocytes due to LI infection. These reductions in performance are especially interesting 
considering MhLI pigs maintained a relatively healthy appearance throughout the experiment, with 
limited clinical symptoms of either pathogen.  
Measuring longitudinal tissue accretion allows examination of the tissue components that 
are most affected under a health challenge, and how growth is repartitioned under immune stress. 
Our group has previously reported that feed efficiency and whole body protein accretion rates are 
profoundly impacted by controlled pathogen challenge (i.e. PRRS infection) in grow-finisher pigs 
(Schweer et al., 2017). However, to the knowledge of the authors, this is the first study in which 
longitudinal tissue accretion has been reported for this particular pathogen combination and for LI 
infection in general. Longitudinal tissue accretion during Mh infection was reported by Escobar et 
al. (2002; 2004), who examined tissue accretion via serial slaughter in pigs experimentally infected 
with Mh alone and with a Mh/PRRSV combination, with housing in disease containment 
chambers. In both cases, Mh alone caused no differences in protein, lipid and ash accretion, while 
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PRRS reduced protein accretion by over 50% (Escobar et al., 2002; 2004). Although the present 
study is unable to elucidate disease specific effects, it is likely that both Mh and LI were 
responsible for the observed reductions in tissue accretion. Infected pigs showed similar reductions 
in lean, protein, fat, and BMC accretion (16, 16, 16, and 15%, respectively). Similar reductions in 
all tissues would indicate that the differences are due to an overall slower rate of gain, and that 
growth is not repartitioned during this health challenge. 
Genetic selection for residual feed intake, although not impacting response to pathogen 
challenge, did impact body composition. Total fat was lower in the highly efficient pigs at both 
DXA time points. This is consistent with previous results for these selection lines, describing both 
decreased backfat and lower percentage of fat in market weight pigs in the LRFI versus HRFI lines 
(Cai et al., 2008; Boddicker et al., 2011; Smith et al., 2011).  
In conclusion, the results presented herein demonstrate that selection for RFI alters the 
body composition of grow-finish pigs, but genetic selection for enhanced feed efficiency does not 
disadvantage pigs during an extended health challenge. However, a dual respiratory and enteric 
challenge does decrease growth, feed efficiency and tissue accretion of grow-finish pigs over a 42 
day experimental challenge period, regardless of genetic line. This study also presents evidence 
that a mild pathogen load, with no mortality or necessity for antimicrobial intervention, still 
significantly impairs growth performance, indicating a need to further characterize the full impact 
of subclinical infections on growing pigs. 
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Table 2.1 Diet composition, as fed  
Ingredient % 
Corn 66.67 
Soybean meal   8.40 
Corn DDGS1 22.50 
Soybean Oil   0.51 
Lysine   0.25 
Salt   1.03 
Vitamin-mineral premix2   0.13 
Phytase3   0.01 
Calculated composition  
  ME, kcal/kg 3,400 
  Crude Protein, % 15.5 
  SID Lysine, % 0.87 
  STTD P, % 0.28 
1DDGS = dried distiller’s grains with solubles 
2Vitamin-mineral premix supplied (per kg of diet): 66,000,000 IU vitamin A, 12,120,000 IU 
vitamin D3, 35,200 IU vitamin E, 0.022 g vitamin B, 3.3 g riboflavin, 13.2 g D-pantothenic acid, 
16.61 g niacin, 1.496 g ethoxyquin, 0.6 g I as ethylenediamine dihydroiodide, 0.133 g Se as sodium 
selenite, 1.6 g Cu as copper chloride, 4 g Mn as manganous oxide, 88 g Zn as zinc oxide, and 88 
g Fe as ferrous carbonate and ferrous sulfate. 
3Phytase supplied as Ronozyme NP (DSM, Heerlen, Netherlands) containing 10,000 FYT/g of 
product for a final activity of   1, 000 FYT/kg diet 
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Table 2.2 Weekly performance parameters of low (LRFI) or high (HRFI) residual feed intake pigs in control and Mycoplasma 
hyopneumoniae + Lawsonia intracellularis (MhLI) challenge groups from days post inoculation (dpi) 0-42. 
 Treatment  P-value3 
Item LRFI-
Control 
HRFI-
Control 
LRFI-
MhLI 
HRFI-
MhLI 
SEM MhLI Line dpi 
MhLI 
x dpi 
Line x 
dpi 
MhLI 
x Line 
MhLI x 
Line x dpi 
Pre-challenge period (dpi -21 to dpi 0)          
 ADG, kg/d1 0.85 0.89 0.85 0.88 0.030 0.990 0.302 - - - 0.861 - 
 ADFI, kg/d1 2.18a 2.54b 2.09a 2.63b 0.075 0.913 <0.001 - - - 0.040 - 
 G:F1 0.43a 0.30b 0.41a 0.34b 0.046 0.743 0.020 - - - 0.389 - 
Challenge period            
 Start BW, kg1 64.8a 71.4b 63.0a 72.1b 1.929   0.588 0.006 - - - 0.189 - 
 End BW, kg2 102.7ab 104.1a 99.1c 100.3bc 1.268   0.004 0.337 - - - 0.940 - 
 ADG, kg/d             
  dpi 0 – 71 0.90 0.89 0.84 0.84 0.051 <0.001 0.263 <0.001 <0.001 0.382 0.907 0.113 
  dpi 8 – 14 1 0.86 0.91 0.69 0.56 0.053        
  dpi 15 – 21 1 0.81 0.81 0.59 0.67 0.082        
  dpi 22 – 282 0.68 0.64 0.41 0.55 0.064        
  dpi 29 – 35 2 0.70 0.78 0.49 0.65 0.052        
  dpi 35 – 42 2 0.51 0.62 0.68 0.63 0.049        
 ADFI, kg/d             
  dpi 0 – 71 2.44 2.75 2.25 2.74 0.083 <0.001 <0.001 <0.001 <0.001 0.185 0.375 0.031 
  dpi 8 – 141 2.57 3.02 2.32 2.52 0.090        
  dpi 15 – 211 2.81 3.31 2.08 2.45 0.121        
  dpi 22 – 282 2.54 2.95 2.02 2.42 0.101        
  dpi 29 – 352 2.52 3.08 2.25 2.81 0.095        
  dpi 35 – 422 2.47 3.19 2.60 3.01 0.120        
 G:F             
  dpi 0 – 71 0.37 0.35 0.36 0.31 0.014 0.001 0.035 <0.001 <0.001 0.370 0.759 0.140 
  dpi 8 – 141 0.34 0.30 0.30 0.21 0.021        
  dpi 15 – 211 0.29 0.26 0.20 0.20 0.039        
  dpi 22 – 28 2 0.27 0.22 0.19 0.22 0.028        
  dpi 29 – 35 2 0.28 0.25 0.21 0.23 0.018        
  dpi 35 – 42 2 0.21 0.19 0.26 0.21 0.014        
a,b,cMeans with differing subscripts indicate a significant (P<0.05) difference. 
125 barrows/line/challenge 
219 barrows/line/challenge 
3Challenge period performance P-values from repeated measures analysis encompassing dpi 0-42. 
6
6
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Table 2.3 Whole body composition and tissue accretion rates of low (LRFI) and high (HRFI) residual feed intake barrows dual 
challenged with or without Mycoplasma hyopneumoniae and Lawsonia intracellularis (MhLI)1 
 Treatment  P-value 
Item LRFI-
Control 
HRFI-
Control 
LRFI-
MhLI 
HRFI-
MhLI 
SEM MhLI Line 
MhLI x 
Line 
Initial composition     
  BW, kg 70.33 74.06 71.44 74.11 2.202 0.641 0.298 0.674 
  Lean, kg 57.14 57.76 55.44 56.94 1.873 0.274 0.676 0.700 
    Protein, kg 11.18 11.31 10.83 11.14 0.387 0.274 0.675 0.700 
  Fat, kg 10.92a 12.59bc 11.43ac 13.28b 0.547 0.165 0.025 0.830 
  Lean:Fat 5.34a 4.73ab 5.00ab 4.34b 0.233 0.071 0.042 0.885 
  BMC2 , kg 1.96 2.08 1.98 2.03 0.071 0.754 0.338 0.547 
  BMD3, g/cm3 0.87 0.89 0.86 0.89 0.013 0.722 0.081 0.489 
Final composition     
  BW, kg 110.14ab 115.37a 102.68b 108.24ab 3.939 0.026 0.294 0.957 
  Lean, kg 83.68a 84.60a 77.41b 79.30b 2.894 0.022 0.698 0.830 
    Protein, kg 16.67a 16.86a 15.38b 15.77b 0.598 0.022 0.698 0.830 
  Fat, kg 20.22 23.88 19.40 22.47 1.294 0.233 0.064 0.742 
  Lean:Fat 4.24 3.68 4.17 3.62 0.228 0.742 0.068 0.991 
  BMC , kg 3.51a 3.44ab 3.24ab 3.24ab 0.092 0.019 0.709 0.649 
  BMD, g/cm3 1.13a 1.08ab 1.08ab 1.04b 0.016 0.013 0.034 0.622 
Whole body accretion, g/d 
  Total body 789.7a 842.1a 660.3ab 697.6b 48.01 0.008 0.422 0.863 
  Lean 541.6a 547.8a 448.4b 456.5ab 30.76 0.010 0.829 0.975 
    Protein 112.0a 113.3a 92.7b 94.4ab 6.36 0.010 0.829 0.975 
  Fat 189.7ab 230.4a 162.7b 187.7b 17.57 0.013 0.168 0.524 
  BMC 31.7a 27.6b 25.8b 24.8b 1.08 0.001 0.065 0.130 
a,b,c Means with differing superscripts indicate a significant (P < 0.05) difference. 
1Initial composition was performed at -2 days post inoculation (dpi) and final composition at dpi 47. Whole body composition was 
determined by dual x-ray absorptiometry (DXA) scans (7 barrows/line/challenge). 
2BMC = bone mineral content 
3BMD = bone mineral density
6
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Figure 2.1 Serology and fecal shedding response of low (LRFI) and high (HRFI) residual feed 
intake barrows dual inoculated with Mycoplasma hyopneumoniae and Lawsonia intracellularis 
(MhLI). A) Serum antibody titers to Mycoplasma hyopneumoniae (Mh, 25 barrows/line) in which 
an S:P between 0.3-0.40 is suspect and an S:P > 0.4 is positive for Mh, B) Serum antibody titers 
to Lawsonia intracellularis (LI, 25 barrows/line) in which % inhibition between 20-30% is suspect 
and % inhibition > 30 is positive for LI, and C) Fecal shedding of LI (7 barrows/line) in which a 
PCR cycle-threshold (Ct) value <35 is considered positive for LI presence and Ct >35 is 
interpreted as negative. 
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Figure 2.2 Effect of dual Mycoplasma hyopneumoniae + Lawsonia intracellularis challenge 
(MhLI) on overall performance of pigs divergently selected for low (LRFI) or high (HRFI) residual 
feed intake (Line). A) BW gains, B) ADG, C) ADFI, and D) G:F over the entire challenge period 
(n = 25 barrows/line/challenge). Pigs were inoculated with both pathogens on days post inoculation 
(dpi) 0 and parameters were assessed weekly for 42 days post infection.  
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Abstract 
Respiratory and enteric pathogens such as Mycoplasma hyopneumoniae (Mh) and Lawsonia 
intracellularis (LI) reduce lean accretion and feed efficiency (FE) in growing pigs. However, the 
metabolic mechanism by which this occurs is still unknown. Therefore, the primary aim of this 
study was to examine the metabolic adaptation of pigs presented with a dual Mh and LI challenge 
(MhLI). A secondary objective was to examine if selection for high FE, modeled by selection for 
low residual feed intake (RFI), alters molecular response to disease. Using a 2 x 2 factorial design, 
6 littermate pairs from a high RFI (HRFI) and 6 littermate pairs from a low RFI (LRFI) line 
(barrows, 66 ± 2 kg BW) were selected, with one pig from each pair assigned to individual pens 
in either the challenge or the non-challenge (control) rooms (n = 6 barrows per line/challenge). On 
days post inoculation (dpi) 0, MhLI pigs were inoculated intra-gastrically with LI and intra-
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tracheally with Mh. Pig and feeder weights were recorded at dpi 0, 7, 14, and 21. On dpi 21 pigs 
were euthanized and tissues and blood were collected. Markers of oxidative stress, skeletal muscle 
metabolism and proteolysis, and liver gluconeogenesis were evaluated to determine the effects of 
MhLI, RFI line, and their interaction. The interaction of line and challenge was not significant (P 
> 0.05) for any measure. Overall, MhLI pigs had lower ADG (38%, P < 0.001), ADFI (25%, P < 
0.001), and G:F (19%, P = 0.012) compared with controls. As expected, LRFI pigs had lower 
ADFI (P= 0.028) for the same ADG, giving them greater G:F (P = 0.021) than HRFI pigs. 
Challenged pigs had greater reactive oxygen species (ROS) production in the LM and liver (P < 
0.10) but did not have greater skeletal muscle proteolysis. Liver gluconeogenesis was also not 
upregulated (P > 0.05) due to MhLI.  These results provide further evidence that selection for LRFI 
does not negatively affect response to disease. In addition, these results suggest that post-
absorptive metabolic functions are altered due to MhLI challenge. The MhLI challenge induced 
mitochondrial dysfunction, evident by greater ROS production, and caused pigs to favor glycolytic 
energy generation. However, contrary to the hypothesis, skeletal muscle proteolysis and liver 
gluconeogenesis were not upregulated during MhLI challenge. These data suggest that during mild 
disease stress, pigs can meet energy demands without reliance on nutrient mobilization and 
gluconeogenesis. 
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Introduction 
 Pathogen challenges and feed efficiency (FE) are two issues that impact pig production 
and productivity worldwide. In grow-finish pig production, Mycoplasma hyopneumoniae (Mh) 
and Lawsonia intracellularis (LI) are two widespread pathogens in commercial swine populations 
and significantly contribute to respiratory and enteric disease, respectively, in the U.S. (USDA, 
2012). These two pathogens, alone or in tandem with other infectious agents, reduce average daily 
gain, lean accretion, and FE (Ciprian et al., 2012; Paradis et al., 2012; Helm et al., 2018). However, 
the metabolic basis of these reductions in performance has been poorly characterized. It is widely 
accepted that during immune system stimulation, consumed nutrients are allocated away from lean 
growth to aid the pig in mounting an effective immune response (Reeds et al., 1994; Elsasser et 
al., 2000). During a severe stress response, feed intake is reduced enough that tissue reserves may 
be mobilized to provide energy and nutrients to fuel the immune response (Johnson, 2002; Klasing, 
2007). Additionally, there is concern that intense selection for production traits such as high FE 
may alter the pig’s ability to allocate resources during times of stress (Rauw, 2007). However, 
previous research has demonstrated that pigs that differed in FE based on divergent selection for 
residual feed intake (RFI), performed similarly during pathogen challenge (Dunkelberger et al., 
2015; Helm et al., 2018).  
Therefore, the aim of this study was to characterize the impact of a Mh and LI (MhLI) dual 
challenge on post-absorptive metabolism of grow-finish pigs from lines that were divergently 
selected for RFI. We hypothesized that a partial cause of the reduction in performance observed 
during this MhLI dual challenge (Helm et al., 2018) was a result of greater oxidative stress and 
skeletal muscle proteolysis, which would enable mobilization and allocation of resources to the 
immune system over lean tissue accretion and growth. 
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Materials and Methods 
All animals were handled in accordance with the Iowa State University Institutional 
Animal Care and Use Committee (IACUC# 6-16-8298-S). 
 
Animals, housing, and experimental design 
The impact of a 42 d MhLI dual challenge on performance of Yorkshire pigs from lines 
that were divergently selected for RFI has been previously reported (Helm et al., 2018). For the 
current study, a subset of 24 barrows, 6 littermate pairs from the low RFI (LRFI) line and 6 pairs 
from the high RFI (HRFI) line, were randomly selected and confirmed seronegative by ELISA 
for Mh and LI antibodies. Littermate pairs were randomly split across 2 rooms within 1 barn, 
placed into individual pens, and allowed to acclimate for 21 d prior to inoculation. The 2 rooms 
had identical heating, cooling, water supply, feeders, flooring, and pen space, but separate manure 
pits. For the duration of the study, pigs were allowed free access to water and feed. All pigs were 
fed a corn-soybean diet that was formulated to meet or exceed all NRC (2012) requirements for 
this size pig. Diet composition has been published elsewhere and no differences in performance 
were observed between the 2 rooms during the 21 d period prior to inoculation (Helm et al., 2018).  
Prior to inoculation, 1 room was designated as the control room and the other as the MhLI dual 
challenge room. The resulting experimental design was a 2 x 2 factorial consisting of 4 treatment 
groups (n = 6): 1) LRFI control, 2) HRFI control, 3) LRFI MhLI challenge, and 4) HRFI MhLI 
challenge.  
On days post inoculation (dpi) 0, all pigs in the challenge room were dual inoculated with 
both Mh and LI, while control pigs were inoculated with a sham. While under snare restraint, pigs 
received 10 mL Mh inoculum (strain 232, containing 105 color-changing units/mL) via intra-
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tracheal inoculation and 40 mL LI inoculum (2 mL gut homogenate, containing 2 x 107 LI 
organisms) via intra-gastric gavage. Both inocula were prepared at the Iowa State University 
Veterinary Diagnostic Laboratory (ISUVDL, Ames, IA). The Mh inoculum was prepared from a 
crude lung homogenate and the LI from a crude gut homogenate of pigs confirmed positive for 
their respective organism. Individual pigs were weighed weekly and individual feed disappearance 
and G:F were calculated over the 21 d challenge period.  At dpi 21, all pigs were euthanized via 
captive bolt followed by exsanguination.  
To assess disease severity at dpi 21, lungs and intestines were evaluated for gross lesions 
characteristic of Mh and LI infection by a trained veterinary pathologist who was blinded to 
individual pig treatments. Lungs were scored based on the percentage of lung lesion coverage to 
confirm Mh infection (0-100%) and intestines (ileum and colon) were evaluated for presence or 
absence of gross lesions of porcine proliferative enteritis caused by LI. Additionally, a section of 
the lung, ileum, and colon were formalin fixed and then trimmed, processed, and sectioned at the 
ISUVDL. Antigen presence was determined for Mh (lung) and LI (intestines) via 
immunohistochemistry (IHC) staining with antibodies specific to the respective antigen. A blinded 
veterinary pathologist at the ISUVDL recorded presence or absence of Mh antigen in lungs and LI 
antigen in ileum and colon. This is reported as the number of pigs that tested positive out of the 
total number of pigs in each treatment group.   
At necropsy, a section of the LM and liver were snap frozen in liquid nitrogen and stored 
at -80 oC. Additionally, LM and liver tissue samples were transported on ice to the laboratory for 
fresh tissue analyses. Liver samples were rinsed in Krebs-Henseleit buffer (25 mM NaHCO3, 120 
mM NaCl, 1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl2, and 0.32 mM NaH2PO4, pH 7.4) to remove 
excess blood.   
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Blood collection and analysis 
 On dpi 0 and 21, blood samples (10 mL) were collected via jugular venipuncture into BD 
Vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, NJ). Samples were allowed 
to clot at room temperature, centrifuged (2,000 × g for 10 minutes at 4 oC) and serum was collected, 
aliquoted, and stored at -80 oC until analysis.  
 To confirm presence or absence of LI and Mh, serum samples were submitted to the 
ISUVDL and tested via ELISA tests. To quantify LI antibody response in sera, SVANOIR® Ileitis 
ELISA (Boehringer Ingelheim Svanova, Uppsala, Sweden) was used and the response was 
recorded as percent inhibition, samples with percent inhibition greater than 30% were considered 
positive. Mycoplasma hyopneumoniae antibody response was assessed using the IDEXX 
Laboratories, Inc., Mh ELISA assay (Westbrook, ME) and serology results were reported as a 
sample to positive (S:P) ratio, in which an S:P ratio greater than 0.40 was considered positive for 
Mh. For analysis of the LI and Mh antibody ELISA results at dpi 21, pig serum results were 
summarized as being either positive or negative based on these thresholds.   
 In addition to antibody responses, dpi 21 serum was analyzed for metabolic markers such 
as glucagon, blood urea nitrogen (BUN), NEFA, glucose, and insulin. Glucagon and insulin 
concentrations were measured via ELISA Kits (R&D Systems, Minneapolis, MN) according to 
manufacturer’s instructions. Serum BUN was quantified with a QuantiChrom Urea Assay Kit 
(BioAssay Systems, Hayward, CA) and NEFA concentrations were measured with the Wako 
Diagnostics kit (Wako Chemical Inc., Richmond, VA) according to the manufacturer’s 
instructions. Serum glucose concentrations were measured utilizing Glucose Oxidase/Peroxidase 
Reagent (GO, Sigma-Aldrich, St. Louis, MO). Briefly, serum samples were plated onto a 96-well 
plate in triplicate and incubated with GO for 30 minutes at 37 oC, after which the reaction was 
76 
 
stopped with 12 N HCl and absorbances were read at 540 nm. All serum sample absorbance values 
were analyzed with a Cytation Hybrid Multi-Mode Reader using Gen 5 software (BioTek 
Instruments Inc., Winooski, VT). All samples were run in triplicate and had CVs less than 7%. 
 
Protein translational efficiency determination 
The ratio of protein to RNA was assessed in LM and liver tissue samples to determine how 
MhLI dual challenge and RFI may alter protein translational efficiency. Briefly, total RNA was 
isolated from frozen LM and liver samples as previously described (Schweer et al., 2016). 
Sarcoplasmic protein was extracted from frozen LM and liver samples (0.5 g) in 4 mL of HEPES 
cell lysis buffer (50 mM HEPES, 150 mM NaCl, 50 mM NaF, 2 mM EDTA, 1% Triton X-100, 
0.1% protease inhibitor cocktail, and 5% glycerol), homogenized, and then centrifuged at 2,000 × 
g for 10 min at 4 oC. The supernatant was collected, protein concentrations were determined using 
a Pierce bicinchoninic acid (BCA) assay (ThermoFisher Scientific, Waltham, MA), and extracted 
protein was stored at -80 oC until analyzed. Protein and RNA were corrected for start tissue weight, 
and then protein was expressed relative to RNA to assess crude differences in protein translational 
efficiency (Pringle et al., 1993). 
 
Muscle and liver mitochondrial isolation, reactive oxygen species production, and oxidative stress  
Longissimus muscle and liver tissue reactive oxygen species (ROS) production and 
oxidative stress markers were assessed at dpi 21. Briefly, mitochondrial isolation was performed 
on ice from fresh liver and LM samples using a procedure previously described (Iqbal et al., 2004; 
Grubbs et al., 2013). Final mitochondrial protein concentrations were determined using a BCA 
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assay and then samples were diluted to 2 mg mitochondrial protein/mL for use in the ROS 
production assay.  
Mitochondrial ROS production was determined by a 2’,7’-Dichlorofluorescin diacetate 
(DCFH) assay as previously described (Iqbal et al., 2004; Grubbs et al., 2013). All assay reagents 
used were made daily from either raw chemicals or frozen stock. Fluorescence of DCFH was 
detected at an excitation/emission wavelength of 480/530 nm using a BioTek Synergy H4 
microplate reader and Gen 5 Software (BioTek U.S., Winooski, VT). Mitochondrial hydrogen 
peroxide production was calculated from a hydrogen peroxide standard curve based on 
fluorescence values of DCFH. Samples were plated in triplicate using a black 96-well plate. 
Twenty units of superoxide dismutase (Sigma-Aldrich, St. Louis, MO) were added to each sample 
well to convert superoxide into hydrogen peroxide for quantification. Either hydrogen peroxide 
standards or 90 μg of mitochondrial protein were added to each well, as well as 45 μL of an assay 
buffer (145 mM KCl, 30 mM HEPES, 5 mM KH2PO4, 3 mM MgCl2, 0.1 mM EGTA) containing 
51 μM DCFH and 8 μM of either glutamate or succinate. Glutamate and succinate were provided 
as an energy source for complexes of the electron transport chain (I for glutamate, II for succinate). 
Plates were incubated at 37 °C and read at 0, 5, 10, 15, and 20 min after the addition of the energy 
substrate. The 5 readings were used to calculate the rate of hydrogen peroxide production per 
minute, expressed as μmol hydrogen peroxide produced/mg mitochondrial protein/min. 
To assess oxidative damage to LM proteins, protein carbonyl concentrations were 
evaluated. Briefly, sarcoplasmic protein was extracted in an EDTA/phosphate buffer (50 mM 
sodium phosphate, pH 6.7, 1 mM EDTA) from snap frozen LM tissue and the resulting solubilized 
protein extracts were assayed for protein carbonyl concentrations using a commercially available 
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kit (Cayman Chemical, Ann Arbor, MI). Carbonyl content was expressed as nmol carbonyls per 
mg protein. 
 
Skeletal muscle proteolysis 
Activities of calpain and calpastatin were measured in fresh tissue extracts from the LM as 
previously described (Cruzen et al., 2013). Activities of μ- or m-calpain or calpastatin-containing 
fractions were determined using casein as a substrate, using a modification of the Koohmaraie 
method (Koohmaraie, 1990). One unit of μ- or m-calpain activity was defined as the amount 
required to catalyze an increase of 1 absorbance unit at 278 nm in 1 h at 25 oC. One unit of 
calpastatin activity was defined as the amount required to inhibit 1 unit of porcine lung m-calpain. 
Protein content of the original muscle sample protein (nitrogen x 6.25) was estimated using an 
Automated LECO Nitrogen Analyzer (LECO-TruSpec N, LECO Corp., St. Joseph, MI) to 
calculate activity on a total protein basis.  
 Activity of the 20S proteasome substrate was determined in sarcoplasmic protein 
extracted from frozen LM tissue samples using the Chemicon 20S Proteasome Activity Assay Kit 
(MilliporeSigma, Billerica, MA) according to manufacturer’s instructions. Activity was 
determined via fluorescence of fluorophore 7-amino-4-methylcoumarin after cleavage from the 
labeled substrate LLVY-AMC using a BioTek Synergy H4 microplate reader and Gen 5 Software 
(BioTek U.S., Winooski, VT) and was expressed as units of activity per gram of extracted skeletal 
muscle protein. 
Easily releasable myofilaments (ERMs) were quantified from frozen LM tissue using a 
procedure detailed by Neti et al. (2009) and run in duplicate. Protein was determined in both crude 
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myofibrillar extracts and final ERMs pellets via BCA. Quantity of ERMs were reported as percent 
of ERMs per mg crude myofibrillar protein. 
 
Liver and muscle metabolic enzyme activity assays 
 Activity of three key gluconeogenic enzymes (phosohoenolpyruvate carboxykinase 
(PEPCK), fructose 1,6-bisphosphatase (F1,6BP), and glucose 6-phosphatase (G6P)) were 
determined in triplicate with liver protein extracted in HEPES cell lysis buffer as described above. 
All assays were read on a Cytation Hybrid Multi-Mode Reader using Gen 5 software (BioTek 
Instruments Inc., Winooski, VT) and expressed on a per protein basis.  
 Briefly, PEPCK activity was determined by a modified method as previously described 
(Wimmer, 1988; Jin et al., 2004; Curry et al., 2018) via measuring the 2-step transformation of 
oxaloacetate to phosphoenolpyruvate and then to ATP. Luminometric production of ATP was 
measured via reaction with 90 μL luciferase reagent following the ATP Determination Kit 
(ThermoFisher Scientific, Waltham, MA). Blank reactions were performed using samples 
incubated without oxaloacetate in reaction buffer I and without inosine-5’-triphosphate. All 
samples were corrected for their respective blanks, and assay results were expressed as μmol of 
ATP produced/min/μg protein. 
Fructose-1,6-bisphosphatase activity was determined as previously described (Curry et al., 
2018) using protocol EC 3.1.3.11 (Sigma-Aldrich, St. Louis, MO). All samples were blank 
corrected, and activity was expressed as μmol NADPH produced per minute per mg hepatic 
protein. Activity of G6P was quantified by measuring the release of phosphate from glucose-6-
phosphate as previously described (Curry et al., 2018). Activity was expressed as mM Pi released 
per minute per mg protein. 
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Skeletal muscle hexokinase (HK; glycolytic metabolism) and citrate synthase (CS; 
oxidative metabolism) activities were determined from LM protein extracted in HEPES cell lysis 
buffer as described above using commercially available kits (Sigma-Aldrich, St. Louis, MO) 
according to the manufactures instructions. One unit of HK activity is the amount of enzyme that 
is required to generate 1.0 μmole of NADH per min at pH 8.0 at room temperature, and activity is 
reported as μmol NADH generated/min/mg protein. Activity of CS is reported as μmol/min/mg 
protein. The ratio of CS:HK was then calculated to determine to potential shifts in oxidative to 
glycolytic metabolism. 
 
Statistical analysis 
 Statistical analysis of all performance data and laboratory assays were performed in SAS 
9.4 (SAS Institute Inc., Cary, NC). Data were analyzed using the MIXED procedure with a 2 x 2 
factorial design to examine the fixed effects of line, MhLI challenge, and their interaction. 
However, the interaction of line and MhLI dual challenge was not significant (P > 0.05), for any 
of the growth performance parameters, nor for any other assay performed in this experiment, thus 
only main effects of genetic line and MhLI dual challenge will be presented in the results and 
discussion, however tables will contain interaction P-values. The model included age and start BW 
as covariates and litter nested within line as a random effect. All data are reported as LSmeans 
with a pooled standard error of the mean (SEM). Differences were considered significant when P 
≤ 0.05 and a tendency when 0.05 ˂ P ≤ 0.10. 
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Results 
Response to challenge, growth performance, and blood metabolites 
No antibiotic treatments were required and there were no mortalities during the MhLI 21 
d challenge. Confirmation of challenge was assessed by daily visual assessment, serum samples 
collected at dpi 21, and lesion scoring at necropsy on dpi 21. At dpi 21, control pigs were confirmed 
negative for both Mh and LI by sera antibody response and pathogen lesion scoring (Table 3.1). 
As expected, all MhLI pigs were confirmed positive for both pathogens, as indicated by antibody 
presence in sera for both pathogens at dpi 21 (Table 3.1). To further confirm pathogen impact, 
MhLI pigs had compatible gross lesions and were positive for both pathogens by IHC at 21 dpi, 
indicating successful inoculation (Table 3.1). However, gross lesions were limited, and several 
pigs that responded immunologically to Mh and LI did not have grossly visible lesions. 
Additionally, outward symptoms of disease such as coughing and loose stools were limited, 
indicating a subclinical challenge model, which may be clinically undetected in commercial 
settings but still have performance impact. 
In this cohort of 24 pigs, the dual challenge reduced 21 d ADG, ADFI, and G:F in both 
genetic lines of MhLI challenged pigs compared with their naïve counterparts, similar to that of 
the larger group of pigs (Helm et al., 2018) . Challenge pigs had a 38% reduction in ADG, a 25% 
reduction in ADFI, and a 19% reduction in G:F compared with control pigs (Table 3.2, P < 0.05). 
As a result, MhLI pigs were 7 kg lighter (P < 0.05) than their uninfected counterparts at dpi 21. 
As expected, genetic line impacted performance measures, with LRFI pigs consuming 15% less 
feed than their HRFI counterparts for equivalent gain, thus LRFI pigs were 21% more efficient 
over the duration of the study (P < 0.05) for both MhLI and control pigs. 
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To determine if MhLI alters the circulating metabolic profile of pigs, blood glucose, 
insulin, glucagon, BUN, and NEFA were measured in serum at dpi 21. None of the serum 
metabolites differed (P > 0.10) as a result of the MhLI dual challenge, nor due to RFI line (Table 
3.3). 
 
Skeletal muscle proteolysis, oxidative stress, and metabolism 
The skeletal muscle metabolic profile was assessed in LM at 21 dpi (Table 3.4). Calpain 
and calpastatin activity, ERMs percent, and 20S proteasome activity were measured to assess 
skeletal muscle degradation. Surprisingly, MhLI pigs had 26% greater (P = 0.016) in calpastatin I 
activity compared with control pigs, suggesting of an inhibition of skeletal muscle proteolysis. 
However, activities of calpain and 20S proteasome did not differ (P > 0.05) between challenge 
groups. Genetic lines did differ in skeletal muscle proteolysis regardless of challenge, with LRFI 
pigs having lower activity of μ-calpain (P = 0.012) and thus lower calpain to calpastatin activity 
ratio (P = 0.033) compared with HRFI pigs. Additionally, LRFI pigs tended to have a lower 
protein:RNA ratio (P = 0.091) compared with HRFI pigs, regardless of challenge status. Challenge 
pigs tended to have 50% greater (P = 0.088) mitochondrial ROS production when provided with 
glutamate as a substrate. Due to these results, protein carbonyls were quantified in the LM to 
determine if increased ROS production resulted in increased oxidation of skeletal muscle protein. 
However, protein carbonyls did not differ (P > 0.05) as a result of challenge or genetic line.  
Activities of HK and CS were determined to examine relative levels of glycolytic (HK) 
and oxidative (CS) metabolism in the LM (Table 3.4). Additionally, the ratio of CS:HK was 
calculated to determine if there was a shift from oxidative to glycolytic metabolism due to MhLI 
dual challenge or divergent selection of RFI. Although the specific activities of HK and CS did 
83 
 
not differ due to MhLI or genetic line (P > 0.10), the ratio of CS:HK did differ (P < 0.05) due to 
MhLI dual challenge. Pigs inoculated with MhLI had a 25% lower ratio of CS:HK activity (P = 
0.018) compared with control pigs, indicating a greater preference for glycolytic metabolism in 
the LM of MhLI pigs. There were no differences (P > 0.05) in LM metabolism due to RFI. 
 
Liver metabolic profile 
The MhLI dual challenge did not impact (P > 0.05) the activities of G6P or PEPCK, 
however MhLI pigs demonstrated a 29% reduction (P = 0.037) in F16BP activity compared with 
control pigs (Table 3.5). Mitochondrial ROS production in the liver was also impacted by MhLI 
dual challenge. Reactive oxygen species production was greater in MhLI pigs when glutamate 
(27%) or succinate (26%) were provided as energy substrates (P < 0.05). Genetic selection for 
LRFI did not alter gluconeogenic enzyme activity nor mitochondrial ROS production (P > 0.05). 
 
Discussion 
Health challenges antagonize pig performance, FE, and profitability of pork production 
year-round (Williams et al., 1997; Curry et al., 2017; Schweer et al., 2017). Based on the resource 
allocation theory (Beilharz et al., 1993; Rauw, 2007), animals have a finite set of resources that 
must be allocated to growth, maintenance, and immune function. Differences in how nutrient 
resources are allocated may be contributing factors to differences in FE and how animals resolve 
health challenges. We have previously reported that this MhLI dual challenge resulted in a 7% 
reduction in G:F and a 17% reduction in lean accretion and ADG compared with control pigs over 
a 42 d challenge period (Helm et al., 2018).  Therefore, the objective of this study was to investigate 
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mechanisms associated with the reductions in performance resulting from this MhLI challenge by 
evaluating changes in post-absorptive metabolic adaptation and resource allocation. A secondary 
objective of this study was to determine if genetic selection for RFI has altered metabolic response 
to this dual pathogen challenge. We hypothesized that MhLI dual challenge would increase 
skeletal muscle ROS and proteolysis, resulting in enhanced gluconeogenesis, which would enable 
resource mobilization and allocation to the immune system over lean tissue accretion and growth. 
To test this hypothesis, a subset of pigs was necropsied at dpi 21. This time point was chosen as it 
was expected to have peak clinical symptoms, although bacterial pathogens have considerable 
variation with regards to time and extent of peak impact.   
In four separate experiments utilizing genetic lines of pigs that were divergently selected 
for high versus low RFI, the more FE pigs (low RFI) did not demonstrate any disadvantage when 
presented with inflammatory (Rakhshandeh et al., 2012; Merlot et al., 2016) or pathogen 
challenges (Dunkelberger et al., 2015; Helm et al., 2018). The current study agrees with these 
findings, as there were no interactions between line and challenge for any of the assays performed.  
Genetic selection for LRFI has resulted in pigs with 10-20% greater FE in the grow-finish 
phase of production compared to HRFI selected counterparts (Boddicker et al., 2011; Gilbert et 
al., 2017). In agreement with these findings, LRFI pigs in this study had approximately 20% 
greater FE compared to their HRFI counterparts. Previous experiments using RFI selection lines 
have also reported that LRFI pigs have more efficient protein accretion (Le Naou et al., 2012; 
Harris et al., 2013), coupled with decreased skeletal muscle protein degradation (Smith et al., 2011; 
Cruzen et al., 2013) compared with their HRFI counterparts. The current work supports these 
findings, as LRFI pigs had a lower calpain to calpastatin ratio compared with their HRFI 
counterparts. Further, LRFI pigs tended to have a lower protein to RNA ratio in their LM compared 
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with HRFI pigs, which could indicate a slower rate of protein turnover (Radley-Crabb et al., 2014). 
This notion of a greater rate of muscle protein turnover in HRFI pigs compared with LRFI pigs 
has been previously suggested by Cruzen et al. (2013), and may also contribute to the greater 
energy expenditure observed in HRFI pigs (Barea et al., 2010).  
Greater energy expenditure and higher protein turnover may be partially explained by 
electron leakage and ROS production by the mitochondria. Oxidative damage from mitochondrial 
electron leakage and ROS production forces cells to repair or phagocytose damaged proteins (as 
well as lipids and DNA), resulting in further energy expenditure and increased proteolysis (Bottje 
and Carstens, 2009). Greater skeletal muscle mitochondrial ROS production has been associated 
with an increase in protein carbonylation in the same tissue of broilers of low FE  (Bottje et al., 
2006). In pigs, selection for LRFI has been demonstrated to reduce the amount of ROS leakage 
from the electron transport chain in skeletal muscle and liver (Grubbs et al., 2013). However, in 
the current study and irrespective of the pathogen challenge, we observed no significant 
differences in ROS production between the RFI lines from mitochondria isolated from LM and 
liver tissue. Although ROS production and mitochondrial efficiency has been explored with 
regards to FE differences (Bottje et al., 2006; Bottje and Carstens, 2009; Grubbs et al., 2013), its 
role in pathogenic infections is poorly defined.  
Pathogen infections from swine influenza virus A (SVA) and Mh can increase oxidative 
stress in affected pigs, presumably because of excessive formation and leakage of ROS from the 
mitochondrial electron transport chain (Turrens, 2003; Deblanc et al., 2013). Thus, we 
hypothesized that the MhLI pigs would have greater mitochondrial ROS production in the LM and 
liver that would result in increased oxidative stress. In support of this, we reported the MhLI pigs 
to have greater mitochondrial ROS production in both the LM and liver, indicating a greater level 
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of electron leakage and mitochondrial dysfunction. However, this did not translate into significant 
increases in LM concentrations of oxidized proteins (protein carbonyls) due to the MhLI dual 
challenge. These data suggest that the increase in ROS production was either not severe enough to 
induce oxidative damage or that antioxidant machinery was sufficient to clear excess ROS. 
In a larger cohort of pigs, we have reported that this MhLI challenge significantly reduced 
ADG, lean accretion, and FE over a 42 d period (Helm et al., 2018). During immune stimulation, 
which is often accompanied by reduced feed intake, resources are allocated to generate and fuel 
the immune response, decreasing capacity for tissue accretion (Johnson, 2012; Curry et al., 2017; 
Schweer et al., 2017; Helm et al., 2018). To provide AA and energy to support the immune 
response during a time of attenuated feed intake, skeletal muscle proteolysis may be enhanced 
(Reeds et al., 1994). In rodent models of sepsis, skeletal muscle proteolysis, especially that of 
myofibrillar proteins, occurred at an accelerated rate (Hasselgren et al., 1989). In piglets, caspase-
3 mediated increases in skeletal muscle protein degradation are induced by lipopolysaccharide 
(LPS) and its associated inflammation (Orellana et al., 2012). Additionally, our group has reported 
increases in specific activity of μ-calpain, indicative of increased proteolysis, in nursery pigs 
challenged with Porcine Reproductive and Respiratory Syndrome virus (PRRSV) and a 
PRRSV/porcine epidemic diarrhea virus (PEDV)  co-infection (Lonergan et al., 2015). However, 
based on the results of the current study, there was minimal evidence (i.e. ERMs, 20S proteasome 
and calpain activities) to suggest skeletal muscle proteolysis was enhanced during MhLI dual 
challenge. In fact, MhLI pigs demonstrated enhanced activity of calpastatin I, the endogenous 
inhibitor of proteolytic calpains, suggesting that skeletal muscle proteolysis may be somewhat 
inhibited during MhLI dual challenge.  
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Although contrary to our original hypothesis, the results of the current study are supported 
by Curry et al. (2018) who observed similar levels of abundance of calpains and a tendency for 
greater calpastatin abundance in PEDV-inoculated nursery pigs at dpi 20. One possible explanation 
for these observations is that during times of moderate and localized pathogen stress, protein 
turnover may slow in an attempt to conserve body resources and energy expenditure, as skeletal 
muscle proteolysis is an energetically costly endeavor (Herd and Arthur, 2009). Additionally, since 
acute phase proteins are released early in the immune response (Reeds et al., 1994), the timing of 
LM sample collection in the current experiment may have been too late to capture significant 
amino acid nutrient mobilization for the acute phase protein response. Further, fatty acids may be 
providing the majority of the energy needed to fuel the immune system, as adipose accretion was 
17% lower in MhLI pigs (Helm et al., 2018). 
Metabolic adaptation to inflammatory and pathogenic stress and the metabolic switch from 
oxidative to glycolytic metabolism appears critical for appropriate immune cell activation and 
function (Calder et al., 2007; O'Neill et al., 2016). Glycolysis is a quick ATP generator and is 
preferred to maintain the immune response during times of stress (Tannahill et al., 2013; O’Neill 
and Pearce, 2016). However, metabolic flexibility in tissues such as skeletal muscle during 
immune stimulation has been poorly defined. In the LM, MhLI pigs had a lower CS to HK ratio, 
signifying a greater preference for glycolytic metabolism compared with their control counterparts. 
A shift towards glycolytic metabolism suggests a greater glucose demand, which is known to occur 
during immune system stimulation (Meszaros et al., 1991; Calder et al., 2007; Kvidera et al., 2017). 
To support this demand, the use of dietary and body tissue AA and fatty acids are repartitioned 
towards the production of glucose as a source of ATP (Klasing and Johnstone, 1991). As the liver 
is a major producer of glucose via gluconeogenesis, we examined the activity of key liver 
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gluconeogenic enzymes. However, the current study indicated that the MhLI dual challenge had 
minimal effect on the activities of gluconeogenic enzymes in the liver; in fact, MhLI pigs had 
decreased activity of F16BP compared to the unchallenged control pigs. Although contrary to our 
hypothesis, these data are similar to what we have reported in pigs during PEDV challenge (Curry 
et al., 2018). The serological hormone and metabolite profile of the MhLI pigs reported herein also 
corroborate the lack of gluconeogenesis upregulation. Although not examined, this suggests that 
tissue glycogen or lipid stores may have been sufficient for energy generation during the current 
MhLI dual challenge.  
 In agreement with previous work (Helm et al., 2018), the data herein suggest that genetic 
selection for divergence in RFI did not alter pig performance during a MhLI dual challenge. 
Additionally, irrespective of RFI line, this dual enteric and respiratory sub-clinical challenge 
modulated post-absorptive metabolic functions in growing pigs, as evident by increased ROS 
production, and metabolic switching. However, contrary our hypothesis, markers of skeletal 
muscle proteolysis and liver gluconeogenesis were not different at dpi 21 in the MhLI compared 
to the control pigs. Collectively, these data suggest that during this MhLI dual challenge, the pig 
can meet energy demands without reliance on skeletal muscle amino acid mobilization and 
gluconeogenic activity; however, this may be due the sub-clinical presentation of this challenge 
model. Regardless, reductions observed in performance were likely due to a combination of 
reduced FI and nutrient reallocation toward the immune response, which provided sufficient 
resources to resolve this challenge. 
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Table 3.1. Confirmation of dual challenge with Mycoplasma hyopneumoniae (Mh) and Lawsonia 
intracellularis (LI) as determined by lesion scores and serum antibody responses at days post 
inoculation (dpi) 211.  
 Treatment 
Item 
LRFI-
control 
HRFI-
control 
LRFI-
MhLI 
HRFI-
MhLI 
Lung with gross lesions2, %  0.0 0.0 15.0 12.5 
IHC for Mh3 0/6 0/6 5/6 6/6 
Macroscopic ileal lesions3  0/6 0/6 3/6 4/6 
IHC for LI – ileum3 1/6 0/6 4/6 5/6 
IHC for LI – colon3 0/6 0/6 4/6 5/6 
Sera Mh antibody response3,4 0/6 0/6 6/6 6/6 
Sera LI antibody response3,5 0/6 0/6 6/6 6/6 
1Infection was confirmed via macroscopic gross lesions and immunohistochemistry (IHC) staining 
for pathogen either in the lung (Mh) or ileum and colon (LI), or via ELISA tests for the presence 
of antibodies against Mh or LI antigen in the serum.  
2Scores are reported as percent (%) of lung involved with lesions (0 – 100%).  
3Number of positive pigs out of the total number of pigs in each treatment group.  
4Mycoplasma hyopneumoniae antibody response was reported as a sample to positive (S:P) ratio 
in which an S:P ratio greater than 0.40 was considered positive  
5Lawsonia intracellularis antibody response was recorded as percent inhibition, in which percent 
inhibition greater than 30% was considered positive   
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Table 3.2. Growth performance of low (LRFI) and high (HRFI) residual feed intake pigs in control 
and Mycoplasma hyopneumoniae + Lawsonia intracellularis dual challenged (MhLI) groups over 
a 21 d challenge period1. 
 Treatment  P-value 
Item 
LRFI-
control 
HRFI-
control 
LRFI-
MHLI 
HRFI-
MHLI 
SEM MhLI Line 
MhLI x 
Line 
Start BW, kg 60.8a 73.1c 62.7ab 69.2cb 2.423 0.508 0.017 0.080 
End BW, kg 86.9a 84.8ab 79.8bc 77.2c 1.669 <0.001 0.250 0.870 
Overall Performance (dpi 0 – 21) 
   ADG, kg/d 0.88a 0.84a 0.57b 0.50b 0.076 <0.001 0.543 0.745 
   ADFI, kg/d 2.72ab 3.11a 1.97c 2.41b 0.147 <0.001 0.028 0.846 
   G:F 0.32a 0.27a 0.28a 0.20b 0.023 0.012 0.021 0.358 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference. 
1Estimates are represented by 6 experimental units per line x challenge. 
 
 
 
 
 
 
 
 
 
Table 3.3. Serum metabolite parameters of low (LRFI) and high (HRFI) residual feed intake pigs 
in control and Mycoplasma hyopneumoniae + Lawsonia intracellularis dual challenged (MhLI) 
groups at days post inoculation (dpi) 211. 
 Treatment  P-value 
Item 
LRFI-
control 
HRFI-
control 
LRFI-
MHLI 
HRFI-
MHLI 
SEM MHLI Line 
MHLI 
x Line 
BUN2, mg/dL 34.6 28.1 37.7 31.0 6.499 0.546 0.408 0.981 
NEFA, mmol/L 0.11 0.06 0.10 0.13 0.034 0.232 0.846 0.137 
Glucose, μmol/L 21.9 51.9 31.5 40.9 11.58 0.933 0.185 0.278 
Glucagon, pmol/L 0.91 1.01 0.70 0.79 0.443 0.541 0.853 0.981 
Insulin, pmol/L 56.0 81.3 68.3 103.0 22.51 0.237 0.334 0.756 
1Estimates are represented by 6 experimental units per line x challenge.  
2BUN = blood urea nitrogen.  
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Table 3.4. Characterization of skeletal muscle metabolic profile as determined in the LM from 
low (LRFI) and high (HRFI) residual feed intake pigs in control and Mycoplasma hyopneumoniae 
+ Lawsonia intracellularis dual challenged (MhLI) groups at days post inoculation (dpi) 21.1  
 Treatment  P-value 
Item 
LRFI-
control 
HRFI-
control 
LRFI-
MHLI 
HRFI-
MHLI 
SEM MHLI Line 
MHLI 
x Line 
µ-Calpain1 2.85a 4.19bc 3.17ab 4.20c 0.314 0.551 0.012 0.592 
m-Calpain1 7.59 7.19 8.00 6.76 0.499 0.984 0.240 0.362 
Calpastatin I1 3.34a 2.50a 4.21b 3.63b 0.530 0.016 0.387 0.739 
Calpastatin II1 7.28 5.94 6.46 5.51 0.978 0.460 0.395 0.832 
Total calpastatin1 10.69 8.36 10.72 9.10 1.256 0.722 0.260 0.757 
µ-Calpain:calpastatin2 0.27a 0.51ab 0.31ab 0.48b 0.064 0.849 0.033 0.600 
20s proteasome1 2.32 12.80 2.45 7.24 4.796 0.368 0.309 0.394 
ERMs3,4 0.199 0.222 0.234 0.251 0.064 0.461 0.813 0.948 
ROS         
  Glutamate5 0.16 0.14 0.25 0.34 0.096 0.088 0.797 0.533 
  Succinate6 0.11 0.12 0.14 0.13 0.022 0.392 0.945 0.664 
Protein carbonyls7 0.32 0.44 0.25 0.36 0.090 0.296 0.366 0.916 
Hexokinase8  468 963 683 523 253.2 0.558 0.603 0.129 
Citrate Synthase9 2003 2412 2029 1791 387.9 0.236 0.868 0.244 
CS:HK, AU 4.84a 6.06ab 0.07bc -1.07c 3.081 0.018 0.985 0.217 
Protein:RNA 225 371 275 297 40.14 0.722 0.091 0.089 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference.  
1Estimates are represented by 6 experimental units per line x challenge.  
1Units of activity/g protein 
2 ratio of µ-calpain activity to total calpastatin activity 
3ERMs = easily releasable myofilaments 
4percent ERMS/crude myofibrillar extract 
5Basal ROS production from isolated mitochondria as H202 produced, μmol/min/mg 
mitochondrial protein, when glutamate is provided as a substrate 
6Basal ROS production from isolated mitochondria as H202 produced, μmol/min/mg 
mitochondrial protein, when succinate is provided as a substrate 
7nmol protein carbonyls/mg sarcoplasmic protein 
8Hexokinase (HK) activity reported as μmol/min/mg sarcoplasmic protein 
9Citrate Synthase (CS) activity reported as μmol/min/mg sarcoplasmic protein  
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Table 3.5. Activity of key liver gluconeogenic enzymes and mitochondrial reactive oxygen species 
(ROS) production from low (LRFI) and high (HRFI) residual feed intake pigs in control and 
Mycoplasma hyopneumoniae + Lawsonia intracellularis dual challenged (MhLI) groups at days 
post inoculation (dpi) 211. 
 Treatment  P-value 
Item 
LRFI-
control 
HRFI-
control 
LRFI-
MHLI 
HRFI-
MHLI 
SEM MHLI Line 
MHLI 
x Line 
Gluconeogenesis       
  G6P2 0.18 0.24 0.18 0.21 0.027 0.408 0.252 0.412 
  F16BP3 1.91a 2.05a 1.21b 1.62ab 0.214 0.037 0.326 0.371 
  PEPCK4 11.24 10.26 8.83 12.29 2.271 0.914 0.487 0.080 
ROS         
   Glutamate5 0.46a 0.59ab 0.73b 0.70ab 0.125 0.034 0.800 0.339 
   Succinate6 0.65 a 0.88 ab 1.09b 0.99b 0.087 0.002 0.552 0.053 
Protein:RNA 58.0 64.4 50.9 61.5 5.974 0.321 0.239 0.684 
a,b,cMeans with differing superscripts indicate a significant (P < 0.05) difference 
1Estimates are represented by 6 experimental units per line x challenge.  
2Pi released, mM/min/mg protein 
3NADPH produced, μmol/min/mg protein 
4ATP produced, μM/min/μg protein 
5Basal ROS production from isolated mitochondria as H202 produced, μmol/min/mg 
mitochondrial protein when glutamate is provided as a substrate 
6Basal ROS production from isolated mitochondria as H202 produced, μmol/min/mg 
mitochondrial protein when succinate is provided as a substrate 
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CHAPTER 4. GENERAL DISCUSSION 
  
Two bacterial pathogens of considerable concern in grow finish-pigs are Mycoplasma 
hyopneumoniae (Mh) and Lawsonia intracellularis (LI) (USDA, 2012). Mycoplasma 
hyopneumoniae is a respiratory pathogen identified as the causative agent of enzootic pneumonia 
and it plays a large role in the porcine respiratory disease complex (Thacker and Minion, 2012). 
Infection with Mh results in variable reductions in ADG and feed efficiency (FE), but reduced 
performance is commonly exacerbated by coinfection with other pathogens (Escobar et al., 2002; 
Escobar et al., 2004; Ciprian et al., 2012). Worldwide, Mh is estimated to affect 38%-100% of 
farms (Guerrero, 1990), and over 50% of grow-finish sites in the U.S. report recent problems with 
Mh (USDA, 2012). On the other hand, LI is a gram-negative bacterium that is the causative agent 
of porcine proliferative enteropathy, or ileitis, in grow-finish pigs. This bacterial pathogen causes 
cellular proliferation of immature epithelial cells, resulting in thickening of the intestinal 
epithelium and diarrhea (McOrist and Gebhart, 2012). Lawsonia intracellularis challenges have 
been reported to reduce both ADG and FE in growing pigs (McOrist et al., 1997; Guedes et al., 
2003; Paradis et al., 2012). Regarding its prevalence, nearly 30% of wean to finish pigs worldwide 
have lesions characteristic of LI infection at some point in their life (McOrist et al., 2003).  
It is expected that most pigs, at some stage in their production lives, will be subjected to 
moderate to severe inflammatory or pathogen challenge that results in overzealous activation of 
the immune system. However, this overzealous or prolonged activation of the immune response 
diminishes pig performance due to resource reallocation away from skeletal muscle and growth, 
reductions in feed intake, and decreased FE, or some combination therein. Additionally, animals 
such as pigs have a limited set of resources to allocate towards maintenance, growth, and other life 
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processes, and how these resources are allocated dictates efficiency of feed utilization in both 
sickness and health (Beilharz et al., 1993). This has raised concerns in which intense genetic 
selection for traits such as improved FE and lean accretion may reduce the ability of animals to 
reallocate nutrients and energy for mounting an adequate and effective immune response, thus 
making them more susceptible to prolonged enteric and respiratory health challenges and disease 
(Rauw, 2007; Rauw, 2012).  
Given that Mh and LI are prevalent in grow finish pigs, both alone and in concert with 
another, these two pathogens (MhLI) were chosen for study in this thesis. During pathogen 
challenges resources must be reallocated to produce and support immune system components, 
decreasing capacity for growth (Lochmiller and Deerenberg, 2000; Johnson, 2012). However, the 
metabolic explanation for reduced growth and FE that occurs under pathogen challenges has not 
been fully elucidated. Therefore, the overall objective of this thesis was to characterize how a 
Mycoplasma hyopneumoniae and Lawsonia intracellularis dual challenge (MhLI) alters pig 
performance and resource allocation in pigs. Additionally, to test if genetic selection for improved 
FE alters pig resilience or robustness to pathogen challenges, pigs genetically selected for 
divergent residual feed intake (RFI) were used to model genetic selection for FE. Low RFI (LRFI) 
pigs have been selected to consume less feed for similar growth rates compared to their high RFI 
(HRFI) selected counterparts, making LRFI pigs more FE (Cai et al., 2008). We initially 
hypothesized that MhLI dual challenge would reduce growth performance, protein accretion, and 
feed efficiency. Additionally, we hypothesized that MhLI would alter metabolism to reallocate 
nutrients toward the immune system, which would be evident by increased skeletal muscle 
proteolysis and increased liver gluconeogenesis. To address these objectives and hypotheses, two 
research chapters were conducted and presented herein. 
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 The objective of the first research experiment (Chapter 2; Helm et al., 2018) was to 
characterize the impact of MhLI dual challenge on the growth performance and tissue accretion of 
LRFI and HRFI pigs. Consistent with previous work in these lines of pigs, LRFI pigs consumed 
less feed than HRFI pigs for similar ADG, giving them higher FE (Boddicker et al., 2011; Harris 
et al., 2012; Mani et al., 2013).  Additionally, LRFI pigs had differences in body composition, with 
lower fat mass at both time points, which is consistent with literature describing decreased backfat 
and fat percent at market in the LRFI line (Cai et al., 2008; Boddicker et al., 2011; Smith et al., 
2011). However, there were no line x challenge interactions for overall performance or whole-
body tissue accretion parameters, suggesting that LRFI and HRFI pigs are not differentially 
affected by pathogen challenge, thus rejecting one of our initial hypotheses.  
Although there has been concern for some time that animals selected for high FE would be 
less equipped to handle immune challenges, few experiments have actually examined this with 
regards to growth performance in pigs (Rauw et al., 1998; Rauw, 2007). When divergent RFI lines 
were subjected to inflammatory challenges with either lipopolysaccharide (LPS) or complete 
Freund’s adjuvant (CFA), HRFI and LRFI pigs performed similarly (Rakhshandeh et al., 2012; 
Labussière et al., 2015; Merlot et al., 2016). Other than the data presented in Chapter 2, the only 
other published data examining the response of divergent RFI lines to a live pathogen challenge 
was reported by Dunkelberger et al. (2015). These authors challenged LRFI and HRFI nursery 
pigs with porcine reproductive and respiratory syndrome virus (PRRSV) and examined viremia, 
antibody titers and growth rates. Dunkelberger et al. (2015) reported that the LRFI pigs appeared 
to be more robust under PRRSV challenge than HRFI pigs; however these performance differences 
were only significant when analyzed jointly with pigs housed off-site that served as a negative 
control group.  
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In this thesis, and irrespective of RFI line, over the 42 day challenge period presented in 
Chapter 2 the MhLI challenge resulted in a 17% reduction in ADG, an 11% reduction in ADFI, 
and a 7% reduction in G:F compared to uninfected controls. Additionally, a 16% reduction in 
whole-body lean, protein, fat, and bone mineral accretion was observed in MhLI dual challenge 
pigs compared to littermate negative non-challenged controls. The MhLI dual challenge resulted 
in limited outward symptoms of disease and did not require any medical intervention but were 
confirmed positive for both pathogens by serum antibody response, fecal shedding of LI, and IHC 
for Mh (lung scores) and LI (intestine scores) on a subset of pigs necropsied at dpi 21, indicating 
a subclinical disease model. Subclinical disease may manifest without symptoms detectable by 
observation, but the host still responds immunologically and in many cases demonstrates 
economically significant reductions in growth performance (Martin et al., 1987). Although we 
were initially aiming for somewhat greater severity of disease challenge, we achieved reduced pig 
performance and the subclinical model was particularly intriguing, as subclinical disease remains 
poorly characterized and its impact on performance and tissue accretion warrants investigation. 
Disease resulting from indirect (unsanitary conditions) or direct (inoculations) pathogen 
challenges have been shown to reduce whole body tissue accretion in growing pigs (Williams et 
al., 1997; Ciprian et al., 2012; Paradis et al., 2012), however, the composition of these gains under 
different challenges has not been frequently assessed (Curry et al., 2017; Schweer et al., 2017). 
Examining longitudinal tissue accretion via methods such as dual X-ray absorptiometry (DXA) 
allows one to evaluate if the composition of gain is affected during pathogen challenge, and how 
lean tissue is specifically impacted by disease. This is important as protein and lipid accretion have 
known energetic costs that can influence efficiency of feed utilization (Patience, 2012). Our group 
has previously demonstrated in growing pigs that experimental inoculations with either PRRSV 
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(Schweer et al., 2017) or porcine epidemic diarrhea virus (PEDV) (Curry et al., 2017) significantly 
reduced protein and lipid accretion rates over a five to six week disease period. Further, this 
antagonism of growth can result in prolonged days to reach market BW. Escobar et al. (2002; 
2004) examined tissue accretion via serial slaughter in Mh alone, and Mh/PRRSV combination. 
In both cases, Mh alone caused no reduction in tissue accretion, whereas dual inoculation 
decreased lean accretion by over 50% (Escobar et al., 2002; 2004). In Chapter 2, we reported MhLI 
resulted in lesser DXA assessed whole body lean accretion 17% over the 42 day challenge period. 
This is in agreement with the dual Mh/PRRSV lean accretion reductions, indicating that co-
infections can exacerbate performance reductions observed in singular pathogen challenges. 
 In order to understand the metabolic parameters that defined the reductions in ADG and 
G:F of our MhLI challenged pigs, Chapter 3 examined markers of oxidative stress, skeletal muscle 
proteolysis, and metabolism at dpi 21.  We hypothesized that the reductions in lean accretion and 
FE were likely a result of increased reactive oxygen species (ROS) production, protein turnover, 
and AA resource allocation towards the immune system’s needs.  Additionally, a secondary 
objective of Chapter 3 was to determine if nutrient mobilization and resource allocation in response 
to MhLI dual challenge changes due to divergent selection for RFI. We initially hypothesized that 
under MhLI dual challenge, pigs would have increased oxidative stress and muscle proteolysis, 
which would enable nutrient mobilization and reallocation to produce and support immune system 
components.  
Oxidative stress derived from mitochondrial ROS production has been implicated as a 
causes of FE differences in healthy poultry (Bottje et al., 2006), cattle (Kolath et al., 2006), and 
pigs (Cruzen et al., 2013; Grubbs et al., 2013). Although ROS are produced by the mitochondria 
as a result of normal function, excessive production of ROS by the mitochondria are indicative of 
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damage and dysfunction (Boveris and Chance, 1973; Murphy, 2009). This imbalance can cause 
oxidation of lipids, proteins, and DNA within the cell, requiring repair and/or removal, resulting 
in increased turnover and energy expenditure (Bottje et al., 2006).  It has been demonstrated that 
Mh infection increases serum reactive oxygen metabolites in 6-week-old pigs (Deblanc et al., 
2013). However, to our knowledge, this thesis is the first to examine skeletal muscle and liver 
mitochondrial ROS production in pathogen challenged pigs in relation to lean accretion and FE 
reductions. In line with the initial hypothesis of Chapter 3, MhLI pigs had an increase in skeletal 
muscle and liver ROS production from the mitochondria. However, there was no evidence that 
this increased skeletal muscle protein carbonyls, a marker of oxidative protein damage. This 
indicates that either the increase in ROS production was not enough to induce oxidative stress or 
that the antioxidant system was sufficient eliminate ROS. Further work should examine the 
antioxidant machinery to determine if this is the case. Antioxidant proteins such as superoxide 
disumutase are produced in the muscle in response to heat stress in pigs (Cruzen et al., 2015) to 
minimize damage from ROS, thus it is likely the antioxidant system is used to minimize ROS 
damage during a pathogen stress as well. 
During times of immune stimulation, nutrients are re-allocated towards producing and 
supporting immune system components, decreasing the capacity for lean tissue accretion (Rauw, 
2012; Curry et al., 2017; Schweer et al., 2017). This includes AA, which are mobilized to the liver 
for the synthesis of acute phase proteins and for energy generation via gluconeogenesis (Reeds et 
al., 1994). We hypothesized that if the AA demand exceeds that which is provided via the diet 
through feed intake, AA will be mobilized from protein stores such as skeletal muscle, resulting 
in reduced ADG and FE. Thus, we expected the MhLI pigs to have augmented proteolysis markers 
in skeletal muscle that would explain the 7% reduction in FE and 17% reduction in ADG at dpi 
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21. However, the results presented in Chapter 3 provided minimal evidence that supported 
increases in skeletal muscle proteolysis and liver gluconeogenesis at dpi 21. Irrespective of RFI 
line, 20s proteasome activity, calpain activity, easily releasable myofilaments, and liver 
gluconeogenic activity were not significantly upregulated in MhLI pigs compared with control 
pigs. However, MhLI pigs did have increased ratios of hexokinase to citrate synthase activity in 
skeletal muscle compared with control pigs, suggesting some level of metabolic flexibility or 
switch towards glycolytic energy generation. Metabolic switching towards glycolysis is important 
for activation of immune cells (Calder et al., 2007; O'Neill et al., 2016), however the metabolism 
of other cells and tissues during immune stimulation has not been well characterized. The 
proteolytic and gluconeogenic results are consistent to what has been previously reported in 
skeletal muscle and liver of PEDV infected nursery pigs (Curry et al., 2018). However, in nursery 
pigs, Lonergan et al. (2015) reported PRRSV infection to increase skeletal muscle proteolytic 
(calpain) activity 21 dpi, and activated caspase 3 was increased in skeletal muscle of 7 and 26 d 
old pigs under severe LPS inflammatory challenge (Orellana et al., 2012). These discrepancies 
may be a result of pathogen or stress severity and/or the timing of sample collection.  
One drawback of this work in presented in Chapter 3 was that we did not measure the 
activities of the caspase or the autophagy-lysosome systems as they relate to skeletal muscle 
proteolysis. The caspases are activated during apoptotic events to degrade proteins during 
apoptosis and may play a role in skeletal muscle wasting (Goll et al., 2008), while the lysosomal 
system has been documented to be activated during muscle atrophy (Bechet et al., 2005; Sandri, 
2013). However, the MhLI dual challenge was mild in severity, and it is likely that upregulation 
of these systems would not have been observed in skeletal muscle. Further work should be done 
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with a more systemic and severe challenge, such as PRRSV, in which all systems of skeletal 
muscle proteolysis are examined. 
Although our MhLI challenge model only resulted in subclinical disease, the results of 
Chapter 2 and 3 provide an excellent example of the impact subclinical disease can have on growth 
performance and tissue accretion. However, the mild severity of the challenge likely influenced 
why few metabolic parameters measured in Chapter 3 differed. Thus, it is likely that the primary 
cause of the reductions in lean accretion and ADG reported due the MhLI challenge was a result 
of reduced feed intake. In these pigs we reported that this challenged reduced ADFI by 12% 
compared to the controls. This reduction may be a result of elevated pro-inflammatory cytokines 
such as interleukin (IL) 1β, IL-6, and tumor necrosis factor (TNF)-α that signal the hypothalamus 
and suppress appetite (Johnson, 1997; Johnson, 1998). Appetite reduction during pathogen 
challenge does have physiological importance and is thought to help expedite recovery from 
disease (Johnson, 2002). Localized increases in pro-inflammatory cytokines have been observed 
during Mh infection (Asai et al., 1993; Asai et al., 1994; Ahn et al., 2009). Similarly, circulating 
levels of pro-inflammatory cytokines show moderate increases during LI infection (Yeh and Ga, 
2018). Although circulating and localized cytokine levels were not measured in this thesis, pro-
inflammatory cytokines were likely partially responsible for the reductions in ADG and ADFI 
observed in Chapter 2.  However, the FE differences reported are likely driven by nutrient 
reallocation towards producing and supporting immune system components. Additionally, visceral 
mass may be increasing due to LI infection, which would require nutrients for both synthesis and 
maintenance of the additional tissue. In chicks, 30% of the reduction in performance during 
immune system stimulation was due to reduction in FE rather than feed intake driven, which 
accounted for 70% of the reduced growth (Klasing et al., 1987). In pigs, it has not yet been 
106 
 
established how much of the reductions in performance are feed intake driven versus pathogen 
driven in health challenges.  
To address the confounding effect reduced feed intake may have on pig growth rates, a 
pair-fed model would work better to model response to pathogen challenge. A pair fed model 
would allow one to investigate that with regards to both performance changes as well as metabolic 
changes. Pair-fed models have been successfully employed in diary (Gao et al., 2017) and pig 
(Pearce et al., 2013) research when examining heat stress.  This model could be used to elucidate 
which metabolic changes are simply feed intake driven, and which changes are actually pathogen 
driven. 
In conclusion, the work and analysis contained in this thesis provides further evidence that 
selection for greater  FE, as modeled by divergence in RFI, does not result in pigs less equipped 
to resolve an immune challenge. Additionally, this thesis characterized both the growth 
performance and metabolic changes that occur during an MhLI dual challenge. This dual 
respiratory and enteric challenge resulted in a 17% reduction in ADG and lean tissue accretion, as 
well as a reduction in FE. With regards to metabolism, MhLI dual challenge increases 
mitochondrial ROS production and causes pigs to favor less efficient, glycolytic metabolism. 
Contrary to the hypothesis, MhLI challenge did not upregulate skeletal muscle proteolysis and 
liver gluconeogenesis. However, this thesis does demonstrate that a subclinical health challenge 
still has significant impacts on growth performance and skeletal muscle metabolism, indicating a 
need to further characterize subclinical disease and the metabolic flexibility in tissues that allows 
for governance of the immune response.  
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Understanding the performance enhancing mode action of in-feed sub-therapeutic 
antibiotics in nursery pigs  
 
E. T. Helm*1, W. P. Schweer1, S. M. Curry2, C. M. De Mille1, and N. K. Gabler1  
 
1 Department of Animal Science, Iowa State University, Ames, IA 5001, and 2Oak Ridge Institute 
for Science and Education, Oak Ridge, TN 378302  
ASAS Midwest Meeting, Omaha, NE. March, 2018 
In the face of the Veterinary Feed Directive, alternatives to feeding growth-promoting sub-
therapeutic antibiotics (AGPs) to nursery pigs are needed. However, the mechanism of action by 
which AGPs work to enhance pig performance is not fully understood. The objective of this study 
was to determine the mechanisms of action by which AGPs increase nursery pig performance. 
Over two replicates, a total of 24 weaned pigs (6.75 ± 0.75 kg BW) were randomly allotted to 
either control (CON, n = 12) or sub-therapeutic antibiotic (AB, n = 12) treatments and housed 
individually. A 2-phase corn-soybean-based nursery diet was fed, with the AB diets containing 40 
g/ton feed-grade chlortetracycline. Individual pig ADG, ADFI, and G:F were calculated weekly 
for 5 weeks. Thereafter, all pigs were euthanized and necropsied for tissue collection.  Protein from 
the ileum, colon, skeletal muscle, and liver was extracted and digested in trypsinogen for proteomic 
evaluation via liquid chromatography-tandem mass spectrometry (LC-MS/MS).  Peptide analysis, 
protein identification, and protein quantification were performed to capture tissue specific changes 
in the proteomic profile. Performance data was analyzed using the MIXED procedure in SAS with 
fixed effect of dietary treatment and random effect of replicate. Protein abundances were tabulated 
using label-free methods and analyzed for statistical significance between dietary treatments via a 
Student’s two-tailed t-test. The overall performance data indicated that AB pigs had increased 
ADG (0.43 vs. 0.32 kg/d, P = 0.001) and ADFI (0.51 vs. 0.37 kg/d, P = 0.002) compared with 
CON pigs; however, G:F was not different as a result of dietary treatment (0.85 vs. 0.88, P = 
0.617). Mass spectroscopy analysis found 90 liver, 20 colon, 12 ileum, and 2 skeletal muscle 
proteins of higher abundance (P < 0.05) in AB compared with CON pigs. Alternatively, there were 
2 liver, 13 colon, 7 ileum, and 14 skeletal muscle proteins of lower abundance (P < 0.05) in AB 
vs. CON pigs. Proteins of increased abundance in AB pigs included several proteins involved in 
ATP generation through glycolysis and oxidative phosphorylation, protein synthesis and folding, 
and cell proliferation. These data indicate that AGPs act to increase feed intake and increase 
abundance of proteins important in metabolism and growth pathways, thereby allowing for 
increased whole-body tissue accretion of nursery pigs. 
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Evaluation of a phytogenic blend on inflammation, oxidative stress, gut permeability, gut 
morphology, and performance in nursery pigs 
 
E.T. Helm*1, S. M. Mendoza2, G. R. Murugesan2, E. G. Hendel2, S. Stelzhammer3, G. Gourley4, 
and N. K. Gabler1 
 
1Department of Animal Science, Iowa State University, Ames, 2BIOMIN America Inc., Kansas City, 
KS, 3BIOMIN Holding GmbH, Getzersdorf, Austria, 4Gourley Research Group, LLC, Webster City, 
IA 
 
ASAS Midwest Meeting, Omaha, NE. March, 2018 
 
Two experiments were conducted to determine the effects of a phytogenic feed additive 
(PFA) on growth performance (exp. 1) and inflammation, oxidative stress, gut permeability, and 
gut morphology (exp. 2) in nursery pigs. Dietary treatments were, 1) basal diet [CON] and 2) basal 
+ 0.015% PFA (Digestarom®, Biomin Holding GmbH). In exp. 1, pigs (n=315/trt, BW=5.79± 0.13 
kg) were allotted 21 pigs/pen for a total of 30 pens and pens were assigned within weight blocks 
to the dietary treatments. Pigs were fed ad libitum and pen BW and feed disappearance were 
measured on d 19, 30, and 48. During exp. 1 pigs experienced a porcine reproductive and 
respiratory syndrome virus outbreak. In exp. 2, pigs (n=11/trt, BW=7.50 ± 1.04 kg) were penned 
individually and fed the dietary treatments. On d 26, blood samples were collected from each pig, 
then pigs were orally gavaged with a solution of lactulose and mannitol, urine samples were 
collected for a period of 12 h after gavage. On d 28, pigs were euthanized and samples from the 
liver and ileum were collected. In exp.1, for the 48-d period, supplementation of PFA did not 
significantly affect (CON vs. PFA, P≥0.362) BW (16.90 vs. 17.10 kg), ADG (0.345 vs. 0.351 
kg/d), ADFI (0.503 vs. 0.504 kg/d), or pig losses (4.44 vs. 3.18%), but tended to increase 
Gain:Feed (0.687 vs. 0.696 kg/kg, P=0.066). In exp. 2, supplementation of PFA increased serum 
IGF-1 (124.91 vs. 144.90 ng/mL, P=0.002) and tended to reduce serum interferon (IFN)-α (1.12 
vs. 0.62 pg/mL, P=0.084); no significant effects (P≥0.194) were observed on serum haptoglobin, 
IFN-γ, interleukin (IL)-6, IL-1β, IL-10, IL-8, and tumor necrosis factor-α. Supplementation of 
PFA did not significantly affect (P≥0.434) markers of oxidative stress in the liver and ileum 
(malondialdehyde, protein carbonyls, glutathione peroxidase activity, and superoxide dismutase 
activity) and in-vivo gut permeability (lactulose:mannitol ratio). Supplementation of PFA 
significantly increased (P<0.001) villi height (263 vs. 302 µm) and crypt depth (180 vs. 206 µm), 
but did not affect villi:crypt ratio (1.38 vs. 1.40, P=0.758). Supplementation of PFA significantly 
increased goblet cell number/villi (13.6 vs. 16. 4, P=0.023). Supplementation of PFA increased 
growth factors, reduced pro-inflammatory cytokine expression, improved gut morphology, and 
increased goblet cell count. Overall, supplementation of PFA was able to improve feed efficiency 
and numerically reduce pig losses during a naturally occurring health challenge. 
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Impact of Lawsonia intracellularis-Mycoplasma hyopneumoniae dual challenge on growth 
performance of pigs divergently selected for residual feed intake 
 
E. T. Helm*1, A. C. Outhouse1, K. J. Schwartz2, J. C. Dekkers1, S. M. Lonergan1 and N. K. 
Gabler1  
 
1 Department of Animal Science, 2Department of Veterinary Diagnostic and Production Animal 
Medicine, Iowa State University, Ames, IA 50011 
ASAS Midwest Meeting, Omaha, NE. March, 2017 
The aim of this study was to compare the growth performance of pigs divergently selected 
for residual feed intake (RFI) when presented with a 21-d respiratory and enteric disease dual 
challenge. Using a 2 × 2 factorial design, 25 littermate pairs of barrows from the high-RFI (n = 50; 
low feed efficiency) and 25 from the low-RFI (n = 50; low feed efficiency) line from the RFI 
selection project at Iowa State University were selected. One pig from each pair was assigned to 
either challenge or nonchallenge (control) rooms (n = 25 barrows per line/treatment). Pigs were 
individually housed, fed a common corn–soybean diet, and allowed to acclimate for 3 wk prior to 
inoculation. On day after inoculation (dpi) 0, challenge pigs were inoculated intragastrically with 
Lawsonia intracellularis and intratracheally with Mycoplasma hyopneumoniae. Feed intake, BW, 
and fecal and serum samples were collected and recorded at dpi 0, 7, and 14. On dpi 7, challenge 
pigs were confirmed positive for Lawsonia intracellularis via qPCR on pooled fecal swabs and for 
Mycoplasma hyopneumoniae via serology. The 14-d challenge period data were analyzed using 
the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) using line, challenge, and line × 
challenge interaction as fixed effects, with age as a covariate and litter as a random effect. Line × 
challenge interactions were observed, as low-RFI challenge pigs had a smaller reduction in ADFI 
(P < 0.05) and tended to have a smaller decrease in ADG (P = 0.06) from dpi 8 to 14 but not in 
overall performance. Irrespective of challenge, low-RFI pigs had lower ADFI compared with high-
RFI pigs (2.4 vs. 2.8 kg/d; P < 0.01) but similar ADG, leading to greater G:F (0.35 vs. 0.30; P < 
0.05). From dpi 0 to 7, a significant challenge effect was not detected. However, from dpi 8 to 14 
and irrespective of line, challenge pigs had lower ADFI (2.4 vs. 2.8 kg/d; P < 0.01), ADG (0.62 
vs. 0.89 kg/d; P < 0.01), and G:F (0.26 vs. 0.32; P < 0.01). Overall (dpi 0–14), the challenge pigs 
had an reduction in ADFI (2.5 vs. 2.7 kg/d; P < 0.05), ADG (0.75 vs. 0.89 kg/d; P < 0.01), and 
G:F (0.30 vs. 0.33; P < 0.01) compared with nonchallenged control pigs. These data show that pig 
performance can be reduced by 6 to 10% as a result of this dual enteric and respiratory pathogen 
challenge. Furthermore, these results also suggest that selection for lower RFI does decrease the 
impact of a disease challenge. This work was supported by AFRI-NIFA grants number 2011-
68004-30336 and number 2016-67017-2474. 
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Abstract – Pigs divergently selected for low and high residual feed intake (LRFI and HRFI, 11th 
generation of ISU RFI project) were inoculated with Mycoplasma hyopneumoniae and Lawsonia 
intracellularis (MhLI) at approximately 68 kg to elicit a dual respiratory and enteric health 
challenge. Pigs were grown to market weight (approximately 125 kg) and harvested using standard 
commercial procedures to evaluate carcass composition and meat quality. It was hypothesized that 
the carcass composition and meat quality of pigs selected for LRFI would be more negatively 
affected by the health challenge. Dressing percentage from infected pigs was lower than controls. 
Differences in purge, color, cook loss, moisture, and protein were due to genetic line and were not 
impacted by the health challenge.  
 
Key Words – feed efficiency, Lawsonia intracellularis, Mycoplasma hyopneumoniae 
 
I. INTRODUCTION 
 
Residual feed intake is defined as the difference between expected and observed feed intake based 
on ADG and backfat. Low RFI pigs are more feed efficient than high RFI counterparts. The objective 
was to determine the extent to which a dual respiratory and enteric bacterial infection impacted 
carcass composition and meat quality of pigs divergently selected for RFI, specifically the 
interaction of RFI and health challenge. It was hypothesized that line and challenge would impact 
carcass composition and pork quality.  
 
II. MATERIALS AND METHODS 
 
A 2 x 2 factorial design was used to design this project. One hundred barrows from the 11th 
generation of pigs from the Iowa State University RFI selection project were used. Half of the pigs 
(approximately 68 kg) were placed in an adjacent room and inoculated with Mycoplasma 
hyopneumoniae and Lawsonia intracellularis, after a three-week adjustment period.  Forty-seven of 
these pigs were fed until market weight (approximately 125 kg) and harvested using standard 
commercial procedures. Shrink was calculated as the weight loss of pigs during transportation and 
lairage. Carcass weight, dressing percentage, and fat free lean (%) were evaluated. Loins were 
removed and chops were cut (2.54 cm). Two chops were weighed 1 and 3 days postmortem to 
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determine purge loss. Chops for quality evaluation were vacuum packaged and aged 14 days before 
measuring pH, color, marbling, cook loss, and star probe. Chops for proximate evaluation were 
frozen 1 day postmortem, homogenized in liquid nitrogen, and analyzed [1].  
 
III. RESULTS AND DISCUSSION 
 
Carcass data (Table 1) show there were no significant differences (P > 0.05) for genetic line, health 
challenge, or line x health challenge interaction for shrink, carcass weight, or fat free lean. Control 
pigs had a higher dressing percentage than pigs challenged with MhLI early during growth. The 
explanation for decreased dressing percentage is not known, but it may be due to thickened viscera 
from the Lawsonia infection.  
 
Table 1. Main effects of line and infection (MhLI) and interaction of line x MhLI on carcass 
composition traits: shrink (%), carcass weight (kg), dressing (%), and fat free lean (FFL; %) 
 
 Treatment  P-value 
Item 
LRFI 
Con 
HRFI 
Con 
LRFI 
MhLI  
HRFI 
MhLI  
SEM Line MhLI 
Line x 
MhLI 
Shrink (%) 4.16 4.14 4.29 4.42 0.065 0.858 0.519 0.818 
Carcass (kg) 93.72 92.07 91.86 95.52 0.850 0.584 0.646 0.131 
Dressing (%) 78.07 77.89 77.38 77.25 0.197 0.698 0.049 0.930 
FFL (%) 49.61 48.82 51.42 49.01 0.594 0.249 0.292 0.387 
 
Neither line or health challenge affected star probe, subjective marbling scores, or fat content (P 
> 0.05). Chops from LRFI animals exuded less purge and decreased cooking loss (P < 0.05). This 
may indicate an improved water holding capacity of loin chops from LRFI pigs. This is consistent 
with previous results [1]. Chops from LRFI pigs also consisted of a higher percentage moisture 
and protein than chops from HRFI animals (P < 0.05).  
  
Table 2. Main effects of line and infection (MhLI) and interaction of line x MhLI on fresh loin 
chop quality and proximate composition 
 
 Treatment  P-value 
Item LRFI 
Con 
HRFI 
Con 
LRFI 
MhLI 
HRFI 
MhLI 
SEM Line MhLI 
Line x 
MhLI 
pH 5.52 5.47 5.53 5.48 0.014 0.028 0.802 0.850 
Hunter L  46.29 50.53 47.76 50.34 1.030 0.003 0.463 0.193 
Subjective Color 3.60 2.91 3.23 3.07 0.148 0.031 0.456 0.058 
Subjective Marbling 1.77 1.97 1.58 1.92 0.088 0.284 0.425 0.624 
Purge (%)  2.46 3.85 2.62 3.59 0.346 0.009 0.908 0.614 
Cook Loss (%) 19.63 22.93 19.31 22.54 0.947 0.001 0.663 0.965 
Star Probe (kg) 5.74 6.00 6.12 5.91 0.090 0.761 0.697 0.248 
Moisture (%) 73.94 73.31 73.87 73.26 0.179 0.010 0.727 0.931 
Protein (%) 25.08 24.49 24.96 24.45 0.161 0.027 0.607 0.814 
Fat (%) 1.53 1.98 1.61 2.00 0.123 0.128 0.707 0.845 
 
 
118 
 
 
 
IV. CONCLUSION 
 
Results depict improved quality attributes of pork from pigs selected for LRFI. Pork loin quality of 
market weight pigs was not influenced by a dual respiratory and enteric health challenge early in the 
growth period, but dressing percentage of control pigs was higher than pigs that had been health 
challenged early in growth.  
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Abstract – Barrows divergently selected for high and low residual feed intake (eleventh generation 
of selection) were subjected to a respiratory and enteric infection with Mycoplasma hyopneumoniae 
and Lawsonia intracellularis. Close to peak infection, 21 days post inoculation, littermate pairs of 
challenged and non-challenged pigs were euthanized and necropsied. Longissimus muscle samples 
were collected for reducing and nonreducing sarcoplasmic protein analysis. Peroxiredoxin-2, an 
antioxidant protein in muscle, was analyzed using western blotting. The fastest migrating 
immunoreactive band was found to compose a greater percentage of the total immunoreactive 
protein per lane in the infected high residual feed intake (less efficient) pigs compared to other 
treatment combinations. This difference may indicate that less efficient lines of pigs respond 
differently to oxidative stress. 
 
Key Words – feed efficiency, oxidative stress, peroxiredoxin 
  
V. INTRODUCTION 
 
Skeletal muscle accretion can be antagonized by health challenges and oxidative stress. Oxidative 
stress and the antioxidant proteins livestock species use to combat it play a role in both livestock 
performance and meat quality. Peroxiredoxin-2 (Prdx 2) is an ubiquitously expressed antioxidant 
protein which aides in an animal’s response to oxidative stress by converting peroxides into water 
using cysteine residues [1]. Some forms of Prdx 2 have been seen to be increased in the blood serum 
[2], and decreased in semitendinosus [3] and liver [4] of pigs exposed to different forms of oxidative 
stress. Prdx 2 has also been shown to be differentially abundant in meat differing in in quality [5]. 
Residual feed intake (RFI) is a measure of feed efficiency representing the difference between actual 
feed consumption and expected feed consumption for observed weight gain with low RFI (LRFI) 
pigs being more efficient than high RFI (HRFI) pigs. The objective of this study was to determine 
the impact of dual respiratory and enteric bacterial infection on the Prdx 2 profile in the skeletal 
muscle of LRFI and high HRFI pigs. It was hypothesized that the effects of RFI line and infection 
applied as a stressor would affect Prdx 2 profile. By better understanding the mechanisms of how 
animals respond to health challenges and oxidative stress, progress may be made towards reducing 
its impact on livestock performance and potentially negative effects on meat quality may be avoided. 
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VI. MATERIALS AND METHODS 
 
A 2x2 factorial design utilizing one hundred barrows from the eleventh generation of the Iowa State 
University RFI Project was used in this study. At approximately 50 kg, pigs were assigned to 
treatment groups and placed in individual pens in adjacent rooms. After a three week acclimation 
period, one room of pigs was inoculated with Mycoplasma hyopneumoniae and Lawsonia 
intracellularis. Twelve pigs with the poorest growth rates were selected from the infected room 
along with twelve of their littermate pigs from the control room.  Selected pigs were euthanized and 
necropsied at the expected peak of infection (21 days post inoculation) and longissimus samples 
were immediately excised, frozen in liquid nitrogen, and stored at -80°C. Nonreducing and reducing 
sarcoplasmic protein extracts were prepared, diluted to 4mg/ml, and run on 15% (reducing) and 12% 
(nonreducing) SDS-PAGE gels. Western blot analysis was performed with anti- Prdx 2 antibody 
(Abcam#109367). Samples were run in duplicate. Nonreducing gel results were determined by 
calculating the percentage of the fastest migrating Prdx 2 band relative to the total anti-Prdx 2 
immunoreactive bands in the lane. Reducing gel results were determined by comparing sample Prdx 
2 content to a reference sample from outside the sample set. Data were analyzed using the mixed 
procedure of SAS version 9.4 with gel repetition included as a random effect and line and infection 
status as fixed effects. Figure 1 provides a representative nonreducing western blot. 
 
VII. RESULTS AND DISCUSSION 
 
No significant differences in total Prdx 2 content were seen for reducing gels. For nonreducing gels, 
no significant difference was seen in the percentage of the faster migrating Prdx 2 band for the main 
effect of RFI line (main effect P-value=0.807). The main effects of infection status (main effect P-
value=0.014) and RFI line*infection status interaction (P-value=0.012) were significant for the 
percentage of Prdx 2 in the faster migrating band in the nonreducing gels. Table 1 shows the LS 
Means values for percentage of Prdx 2 in the faster migrating band relative to total immunoreactive 
bands in the lane for each RFI line and infection status combination. 
 
Table 1. Least Squares Means of the Percentage Prdx 2 in the Faster Migrating Band            
RFI Line Infection Status 
Least Squares 
Mean 
Standard 
Error 
LRFI Control 50.73a 1.428 
LRFI Infected 50.69a 1.508 
HRFI Control 48.35a 1.467 
HRFI Infected 53.57b 1.439 
 
 
The difference in the migration patterns of nonreducing Prdx 2 among the treatment groups is likely 
due to a posttranslational modification event. One possibility is glutathionylation. The tripeptide 
glutathione plays a role in the Prdx 2 immune response by forming mixed disulfides with cysteine 
groups through a process known as glutathionylation.  Immune challenge in other systems can result 
in a similar migration pattern that has been shown to be the result of glutathionylation [6]. The faster 
migrating band of Prdx 2 found in this study may be a glutathionylated Prdx 2. The significant RFI 
    HRFI  HRFI 
 Control Infected 
Faster  
Migrating  
Band 
Figure 1.                           
Nonreducing Prdx 2 Western Blot 
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line*infection status documents that infection did not influence Prdx modification in the LRFI pigs 
but infection did result in an increase in the modified Prdx 2 in the HRFI pigs. 
 
VIII. CONCLUSION 
 
Differences in Prdx 2 profile in response to disease challenge were seen between divergently selected 
LRFI and HRFI pigs. This could be attributed to differences in biochemical response to oxidative 
stress between pigs divergently selected for feed efficiency. Differences may exist in oxidative stress 
response, Prdx 2 profile, and Prdx 2 posttranslational modification between high and low feed 
efficiency pigs. 
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